University

7 of Glasgow

Gheorghiu, Delia Mihaela (2012) Testing climate synchronicity between
Scotland and Romania since the last glacial maximum. PhD thesis.

http://theses.gla.ac.uk/3362/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the Author

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the Author

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/3362/

Testing climate synchronicity between
Scotland and Romania since the
Last Glacial Maximum

Delia Mihaela Gheorghiu

Thesis submitted for the degree of Doctor of Philosophy (Ph.D.)

University of Glasgow
School of Geographical & Earth Sciences

2012

© Delia M. Gheorghiu, 2012



To my parents



Abstract

Abstract

This thesis develops a chronology of ice retreah@Monadhliath Mountains (Scotland)
and Rodna Mountains (Romania) during the late ®leene using glacial geomorphology
and surface exposure dating with cosmogé&iie.

In the Monadhliath Mountains:’Be exposure ages indicate deglaciation of the Last
Devensian ice sheet at 15.1 ka (n = 2). Bouldesexfmoraines in three Monadhliath
cirques yielded exposure ages between 11.8 ka.&81h9q470 — 600 m), suggesting that a
Late Glacial readvance occurred during the Yourigemas stadial (n = 9). The limited
extent of these YD glaciers in the Monadhliath Miaums is explained in terms of the drier
climate experienced by the eastern part of the r@eHighland ice cap, but also in terms
of local factors such as topography and snow bible resulting glacial reconstruction
largely confirms that a SW to NE precipitation gesed dominated Scotland during the

Younger Dryas.

In the Romanian Carpathians, located at the sautperiphery of the NW European ice
sheet, there was only limited coverage of ice, aat higher elevations in the form of
mountain glaciers. Field evidence suggests thahduhe last local maximum glaciation
ice reached lower elevations than previously suggeis the Rodna Mountains. Glacially
transported boulders were abandoned at 37.2 —K26(6 = 4) at an elevation of ~900 m.
Glacial erratics and bedrock samples (n = 27) pva consistent chronology for
deglaciation during the Lateglacial, suggesting tha retreated towards higher ground
between 18.3 — 13.2 ka (1100 — 1800 m altitudejalRieglaciation took place at 12.5 -
11.2ka (n=9).

These new chronologies are compared to other digahives in Europe and the climatic
oscillations recorded in the North Atlantic regioffhis analysis increases our
understanding of past atmospheric circulation acigrope, and gives insights into the
climatic forcing mechanisms during the last maximertent of ice sheets and glaciers.
During the last glacial episodes, the pattern ahale cooling from the western high
latitudes towards the eastern mid latitudes wasptioated, triggering different responses
in local climates that appear to have been outhafsp with the broader north-western
European trend. Located in the NW Europe, Scotlaad influenced by the wetter and
colder conditions from the Atlantic which led toetlexpansion of the British Ice sheet

during the global Last Glacial Maximum (LGM). Howery smaller ice masses located
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Abstract

further southwards and south-eastwards of the Eampce sheet responded faster to the
climatic oscillations in the North Atlantic regiorburing the LGM, the southward
repositioning of the Polar Front and the preseriddeice sheet changed the atmospheric
circulation across Europe. There was limited sumblynoisture to the Rodna Mountains,
especially because of blocking by the eastern Bibenigh pressure system, and the
glaciers experienced a slow retreat in a very eold dry environment. However, a more
synchronous Younger Dryas is likely to have ocalidee to a more northern position of
the Polar Front. This allowed for stronger wet @ottl westerly winds to reach most of
Europe at the same time.
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Chapter 1 Introduction and aims

1.1 Rationale

Identifying the glacial extent and dynamic behaviofl past glaciers is a key factor in
understanding climate change and its influence @evide area. There exist several
studies of the role of continental ice sheets dmar indirect influence on less glaciated
areas. However, understanding the way in which mod® masses will react to climate
change and vice versa, is currently missing clitgalaeoenvironmental information.
Generally, glaciers respond relatively quickly &riations in local climatic conditions and
are therefore excellent proxies for climate char@eacial extent can be determined based
on field evidence, while surface exposure dating lba used to constrain the timing of
glacial events. Used together, these two methaoalsfyclboth the spatial and temporal
reconstruction of ice sheets and mountain gla@eds help to increase our knowledge of
ice mass behaviour under general climate forcinghaeisms and local environmental

conditions.

Until recently, information on climatic and envimental conditions in Europe during the
Late Devensian glaciation (here taken as 40 — ka)5has been provided mainly from
research studies in western and northern Europtd, ovily fragmentary evidence from
regions situated in eastern and/or south-easterapEuThe climatic variability towards
the end of the last glaciation has been well doecuetkin the Greenland ice core records
and terrestrial and marine archives from otheramgi Often the climatic oscillations are
assumed to have been synchronous over wide aréagabe but this has not been widely
tested. There is a growing body of evidence indigathat the glacial advances and
retreats due to the abrupt climatic changes inNbgh Atlantic region at the end of the
Devensian glaciation occurred at different timesl anagnitudes across Europe. For
example, while wetter north-western areas (closethe North Atlantic Ocean) were
covered by the European ice sheet, the Carpatwars influenced by a drier continental
climate, allowing only limited coverage of ice amastly at higher elevations as mountain
glaciers.

The main aim of this thesis is to test the existepicclimate synchronicity at the end of the
Devensian glaciation. To achieve this two formeglgciated, but very different areas are
compared, the Rodna Mountains, Romania (high d#itumid latitude) and Monadhliath

Mountains, Scotland (low altitude, high latitud€)gure 1.1). The style and pattern of Late

Devensian glaciation in Scotland has been extelysimgestigated; however, there has
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been only limited study of the Lateglacial histafythe Monadhliath Mountains and an
absolute glacial chronology has never been eshaalisSimilarly, in northern Romania, it
is known that the Rodna Mountains were glaciatetthépast, but there are no constraints

on the timing, extent and dynamics of these glamiat

To fully understand the magnitude and distributwdrice masses in Europe at the close of
the Devensian glaciation, it is essential to eshbthe style, dynamics and timing of
glaciation in both the Monadhliath and Rodna MoingtaThe comparison between the
central Highlands of Scotland, which were subjediedcontinental glaciation, and the
Romanian Carpathians, which were affected by almtexiers, should provide new
insights into past climatic gradients across Eurape clarify the critical role of ice sheets

in influencing local, regional, and continental gammental conditions.

The climatic changes which took place across Euchpeng the Late Devensian are not
simply embodied by the development and decay oflahge European ice sheet. The
presence of this ice sheet caused a significanttyentomplex translation of climate
cooling from the western high latitudes towardgesasmid latitudes, resulting in a series
of feedbacks that triggered different responsedogal climates. Since the Romanian
Carpathians were not subject to continental glemahey may preserve a distinctive and
independent palaeoclimatic record. Hence, the R@anaBdarpathians could be central to

understanding the hemispheric transmission of lineate change.

1.2 Objectives of the thesis

This thesis aims to:

1. Determine the glacial extents and dynamics in eddhe study areas during the

Last Maximum Glaciation and the Younger Dryas.

2. Temporally constrain the timing of the Devensiagldeiation in both areas using

surface exposure dating.

3. Evaluate the differences in the advance and repra#trn between the Carpathians

and the north-western part of Europe.
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4. Assess the dominant influences on the spatial antparal asymmetry in the
deglaciation histories of Scotland and Romania.

1.3 Outline of the thesis

This thesis comprises seven chapters.
Chapter 1 is an overview of this research study and intredube aims of the thesis.

Chapter 2 provides a review of the termination of the Devansglaciation in Europe,
specifically the Last Glacial Maximum and the Yoendryas glacial advances. Each

glacial period is reviewed separately for both gtackas.

Chapter 3 introduces the methods used for reconstructingytheial extent and dynamics
in the study areas, with an emphasis on the pilexipf surface exposure dating using the
in situ terrestrial cosmogenic nuclidéBe, as the main dating tool to constrain the glacia

events.

Chapter 4 outlines the glacial history of the Monadhliath uhdains using mapping and
landform evidence temporally constrained usingaagfexposure dating.

Chapter 5 examines the glacial advances and retreats inRibéna Mountains and
introduces the first surface exposure ages from rtbghern part of the Romanian

Carpathians.

Chapter 6 discusses the results obtained in the Monadhbaith Rodna Mountains set
within a wider context by relating them to the rofeice sheets in regional climate change

and the implications of the ocean-ice-atmospheseesgy.

Chapter 7 summarizes the aims, methods and main conclusimsn from this study,
with the intention of providing an overview of thkesis as a whole and its role in
providing a better understanding of the last Qurater glaciation of Europe as well as

highlighting potential future research directions.
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Chapter 2 Geographical & climatological context

2.1 Geographical context

2.1.1 Scotland

Scotland occupies the northernmost part of thadBrinainland and extends between 55°
and 60° N latitude and 1.7° and 6° W longitude (Fég2.1). It is bounded to the east by
the North Sea and to the north and west by thenid@cean. In the south, the English
border lies between the Solway Firth and the Twediey.

The Scottish landscape is divided into three distyeographical areas: the Highlands and
Islands, the Central Lowlands and the Southern ndidgFigure 2.1). The Highlands refer
to the two thirds of Scotland to the north and westhe Highland Boundary Fault which
crosses Scotland’s mainland (Figure 2.1). This aosaprises of the Northwest Highlands
and the Grampian Mountains and is characterized bgriety of both large wide valleys
(straths) and steep, narrow valleys (glens). Th@senmountain ranges are separated by the
Great Glen Fault (Figure 2.1), a long over deep@tacial trough. Hundreds of islands are
spread along the northwest and north Scottish cGést Hebrides lie off the northwest
coast of Scotland, whilst the Orkney and Shetlatdnds lie north of the mainland and

form the boundary between the North Sea and thenAtl Ocean.

The Scottish climate is a moderate temperate oitg, the mean July temperature of ca.
15°C and the mean January temperature of ca. 3% g@&neral climatic influence comes
from the transit of oceanic air from the west. VestScotland receives the maximum
rainfall (4577 mm) whilst the eastern part is maantinental, cooler and with less
precipitation (550 mm) (Met Office, 2011). Scotlandies its moderate climate to the
effect of warm Atlantic Ocean currents, importaomponents of the global thermohaline
circulation. Transiting from tropical latitudes igher, colder latitudes, the North Atlantic
Drift is a branch of the Gulf Stream and is resjaiesfor a warming influence across

Scotland. This leads to wet and mild winters, bsib @ooler and wetter summers.

In spite of Scotland’s high latitude location, tmdd winters are the reason why there are
currently no glaciers in Scotland, although semirmment snow beds can survive in
sheltered spots at high altitudes. The summit of Bevis in the Western Grampians is the
highest mountain in the British Isles (1334 m), isthfurther to the east the Cairngorms
comprise the highest mountain plateau in the Britstes, incised by glens from all sides.

The Scottish mountains have been repeatedly géatiatthe past, including the south-
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1 - Monadhliath Mountains

2 - Glen Roy . *

3 - Ben Nevis North Sea
4 - Cairngorms

5 - Rannoch Moor
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Figure 2.1. Digital elevation model of Scotland (SRM, NASA 2004).

eastern Grampians which are lower in altitude, pooty a spectacular landscape with
deep valleys and high rugged mountains. The lagisBrice sheet erased any previous
geomorphological record while the last glacial atbeaoverprinted new glacial landform
assemblages. A steep west-east precipitation gratied been noticed in the different

distribution of ice during glacial periods, but regronounced than at present.
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2.1.2 Romania

The Romanian Carpathians are situated in the smagtern part of the Carpathian
Mountains, occupying a central position within tleenperate climate limits between ca.
44° and 48° N latitude and 21° and 26° E longitidere than half of the Carpathians are
located in Romanian territory, extending approxehaf00 km in length (Figure 2.2).

Part of the Alpine-Himalayan orogenic system, ttmmanian Carpathians are comprised
of a series of orographically and geologically idist subdivisions. They comprise a
triangular block of high mountains with varied laodpe that surrounds the Transylvanian
basin (Figure 2.2), and can be separated into #steln, the Southern and the Western
Carpathians. The Eastern Carpathians stretch aippaitedy 400 km NW-SE from the
Ukrainian border to the Prahova Valley where thawe westwards continuing into the
high Southern Carpathians for approx 250 km towdhgs Tims-Cerna Couloir in the
West (Figure 2.2). Both the Eastern and the Sontlarpathians display parallel ridges
running NW — SE and E — W, respectively. The West€arpathians stretch from the
Barcau Valley in the north to the Danube River in sboath (Figure 2.2).

The geographical position of the Romanian Carpathieesults in particular climatic
influences. From the south, the Mediterranean emfbes the Retezat — Godeanu Group
(Figure 2.2), with a milder climate; in the westeanic air masses from the Atlantic
(restricted by the barrier of the Apuseni Mountaibsing milder winters and heavier
rainfall; in the north the cold air of the Baltiofiuences the Rodna — Maramgre
Mountains; and in the east and the south-eastinamal air brings frosty winters and less
rain, mainly to the eastern side of the Easterrp&arans (Atlas of Romania, 1979). The
transition climate from the colder and wetter cliesaof the N and W respectively, to the
more arid east creates a diverse climatic enviramand the influence of the north
Atlantic should decline towards the east.

Similar to all mountain environments, the Carpatlcimate is subject to local variations,

for example slope aspect, with colder and wetteoaithe northern parts and sunny and
drier southern slopes. The mean annual temperatuires with altitude between ~8°C at

the foothills and -2°C on the highest peaks. Meamual precipitation is between 750 mm
and 1200 mm, depending on the altitude and slopatation (Atlas of Romania, 1979).
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In spite of the high altitudes of the Romanian @#n@mns no glaciers exist today, but
various landforms provide evidence of previous igkaans and they are an excellent
natural laboratory for the study of landscape eivaiu The highest and the most massive
mountain range is the Southern Carpathians, wititua@és over 2000 m in 10 of its

massifs, offering the best conditions for cirquigtgau and valley glaciers to develop,
especially at their western end due to precipitafimm the Mediterranean Sea. In the
Apuseni Mountains, slightly above 1800 m, humidatic climatic characteristics prevail

and few glacial features can be found (Figure 2.2).

The Eastern Carpathians are lower in altitude amc tonly three mountain massifs that
formerly held ice, specifically the Rodna, Maramurand Glimani ranges. The
combination of altitude and low temperatures iis thorthern part of the country appears to
have provided suitable accumulation areas wherewias able to survive during the

Quaternary.

2.2 Climatological context

2.2.1 Last glaciation in Europe

The Quaternary period of the last 2.6 Ma was a tilngritical importance in Earth history
since a series of dramatic climatic and environiaechanges occurred during this time.
The frequent ~40 ka climate cycles that occurrechf2.6 — 0.9 Ma, changed to ~100 ka
cycles after 0.7 Ma (Clark et al., 2006; Williantsagé, 1998). This means that the Earth’s
climate changed from cold to warm, specificallynfrslow and uneven cooling periods
with ice covered land (glacials) followed by rapichrming, during shorter intervals
(interglacials). These climatic oscillations haweb recorded by th#°0 variations in the
Greenland ice cores and various other archives tonope (e.g. Dansgaard et al., 1993;
Johnsen et al., 2001).

The last glaciation of the high latitude regionghe northern hemisphere lasted from the
last interglacial (~125 ka ago; Ipswichian or Eemyio the present one (11.7 ka — present;
Holocene). It comprised of a series of glacial adbes (stadials) due to continued cooling
episodes until mid-latitude areas were in full gdhconditions resulting in a low global
sea-level. This last maximum glaciation terminate@n abrupt warming period, glacier
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contraction and the re-advance of forest vegetaterards the high latitudes and higher
elevations. The last glaciation has various namasprding to the geographical location of
field evidence (Table 2.1). In this study, the Ilgistciation is referred to as the Devensian
Glaciation. The Devensian glaciation was the lmsé twhen ice sheets grew over Europe

but previous Quaternary glaciations occupied laageas during their maximum extent.

Table 2.1. Terminology used across the Northern Heisphere.

2
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7 : , :
4 E s, |Pevensian|Weichselian]  Warm Wisconsin | Glacial pericd

|[pswichian] Eemian | Riss-Wirm | Sangamonian| /ntergiacial

According to Lundgvist (1986) and Mangerud (199hg European ice sheet maintained
its existence throughout all of the Devensian gian, ice retreating towards northern
Fennoscandia during interstadials. Others desdfige ice sheet maximum occurring
towards the end of the Devensian glaciation (Punk884; Punkari & Forsstrom, 1995).
It is generally agreed that three distinct ice slaglvances occurred during the Devensian
glaciation: 90-80 ka (Early Devensian), 60-50 (M&devensian) and 20-15 (Late
Devensian) with the ice sheets that developed @eandinavia extending eastwards
towards NW Russia and ice sheets from the Bareasspreading southwards (Svendsen
et al., 2004). Reconstructed ice sheet limits ssigfeat the Scandinavian ice sheet was
much smaller during the Early Devensian than tke Devensian (Andersen & Mangerud,
1989; Mangerud, 2004; Svendsen et al., 2004).

Most researchers focus on studies of the Late Dsaerglaciation since this is the most
recent period and the maximum extent of Late Deaengce removed much of the

geomorphological record of earlier glaciations. Tibe extent and, implicitly, climatic

oscillations during the last Devensian glaciatiawl klifferent impacts across the continents
in the Northern Hemisphere. For example, the maskaurentide ice sheet developed
progressively over North America but nearby smalter masses behaved independently,
reaching their maximum glacial extent at differemtes (e.g. the Innuitian ice sheet; Dyke

et al., 2002). Precipitation was drastically redli¢e Japan, Taiwan, Karakorum and
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Himalaya during the global last glacial maximum M¥as opposed to earlier glaciations
(Ono et al., 2004, 2005). Other areas in Europemsmpced a maximum extent of ice in the

mid-Devensian with a more restricted coverage duttie Late Devensian (see below).

In northern Europe, the Late Devensian glaciat®thbught to have been caused by an
imbalance in the thermohaline circulation (THC) @hitransported less warm waters
towards the North Atlantic causing ice to advancatlswards (Ruddiman & Mcintyre,
1981; Clark et al., 2002). Subsequent warming efdlimate caused a slow retreat of ice
from its maximum extent after ~19 ka (Lambeck et2000), with deglaciation occurring
at different times across the European continamd, taggering rapid sea level rise and
glacial isostacy between 17-15 ka BP in most af@ashlfarth et al., 2008; Svendsen et
al., 2004). During the Lateglacial period of 14.1%7 ka (Lowe et al., 2008) the climate
experienced several abrupt fluctuations from waontdld and vice versa following the
wastage of the Last Glacial Maximum (LGM) until theginning of the Holocene. The
short warm period after ice deglaciation was inteted by the Older Dryas event (14.5 -
13.7 ka) (Lowe et al., 2008). A repositioning o€ tNorth Atlantic Polar Front towards
southern latitudes caused a short-term ice re-amyastill-stand or ice margin fluctuations
depending on local factors, and led to the fornmated landform assemblages often
superimposed on the LGM features. The latest advafalacial ice in the Devensian
glaciation occurred during the Younger Dryas stafli2.9 — 11.7 ka BP; Lowe et al.,
2008). Based on the timing and magnitude of thengw_otter et al. (1992) argue that this
was the most important climatic oscillation of thieole Lateglacial period.

2.2.2 Last Glacial Maximum (LGM)

Last glacial maximum (LGM) refers to the period whiee masses reached their last
maximum position and when sea level was at a mimntevel. According to terrestrial
and marine proxy records, the LGM was differentnfrane continent to another.
Moreover, it also varied from place to place ongdhee continent due to the variations in
the dominant controlling factors (precipitation, mgerature). To determine the
synchronicity between various regions, severalllatianatic and environmental factors

have to be considered that may act independentlyeofeneral climatic influences.
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Figure 2.3. The reconstructed limits of the Eurasin ice sheet at the Last Glacial Maximum (Svendsen
et al., 2004).
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According to Peltier and Fairbanks (2006) the LGédwred between 26-21 ka. However,
it is unlikely that the global LGM took place atetlsame time everywhere, and various
places experienced a maximum glaciation at diffetenes as a result of the varied
behaviour of different parts of the ice-sheets. sThg supported by a series of
reconstructions across the globe which contradiesconcept of the LGM as a global
synchronous event (see below). Therefore, the lmeaimum advance of ice in our study
areas will be treated as the Last Local Glacial ikhaxn (LLGM).

Full glacial conditions were reached by the norestern European ice sheet (EIS)
towards the close of the Devensian glaciation (fedl3). The EIS started with the growth
and the southern expansion of the FennoscandiaBHeet (FIS) and across the western
Norwegian continental shelf, later coalescing vilik British Irish ice-sheet (BIIS), and
then expanding over northern Europe as far soutbegmnark and the northern plains of
Germany (Mangerud, 2004). Ice sheet lobes frormthm Baltic ice stream, controlled by
topography, invaded Poland, Lithuania and northteresBelarus (Boulton et al., 2001;
Marks, 2002, 2010) and spread in SW-NE directidoghing pre-existing drainage system
and forming proglacial lakes, which later catadtioplly discharged. The continental ice
sheet also extended eastwards across the NW Ryaias and the White Sea to meet the
Barents Ice Sheet and the Kara Ice Sheet, all iegdorming the Eurasian ice sheet
(Svendsen et al., 2004).
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The growth of these massive ice sheets acrossldbe tpcked up some of the sea water,
lowering the sea surface to ~120 m below its prelemel (Peltier & Fairbanks, 2006) and
exposing wide areas of continental shelf. The sihithe ice sheet growth occurred as a
result of climate deterioration but the locatiortemt and morphology of the accumulation
areas was driven by topographical conditions (Boukt al., 1985; 2004). The ice front
reached its maximum extent at different pointsterperimeter and at various times as the
ice lobes behaved differently. These variationsewdre to the differences in temperature

and elevation gradients and in the moisture aviiithabf each area (Ono et al., 2004).

The deglaciation history of the European ice sheet been reconstructed by various
authors based on the geomorphological evidencelaufiad) landforms: moraines, long
eskers, massive deposits (Ehlers & Gibbard, 20@dyse pattern and distribution does not
suggest a uniform deglaciation. For example, thdraea level rise at ~19 ka initially
affected the western part of the Scandinavian leeets leading to de-coupling of the
eastern ice streams which probably took a long toneompletely disappear (Boulton et
al., 2001; Rinterknecht et al., 2007). Deglaciatimm the maximum advance of the ice
sheet in Belarus and Lithuania occurred at 19.0.6: Ka (Rinterknecht et al., 2008).
According to Marks (2010), ice lobes in Poland egtd independently towards their
maximum limits between 24-19 ka with the last degldon phase at 16-17 ka. Ice
thickness over Scandinavia at about 15 ka was k®.§Svendsen et al., 2004). Ice lobes
of the European ice sheet retreated from Belara3 at+ 2.0 ka with the final deglaciation
at 13.1 + 0.5 ka (Rinterknecht et al., 2007, 20@&her deglaciation age¥’Cl ) from the
Pomeranian moraine in Poland suggest a deglaciatid®.4 £ 1.0 and 14.7 = 0.9 ka,
indicating a long response of the Scandinavianstoeet to climate change (Dzierzek &
Zreda, 2007).

Although northern Europe was covered by a massigesheet (Figure 2.3), the southern
and eastern part of the continent was affected bgemestricted mountain glaciation or
small ice caps, specifically in south Germany, Ryeenees, the Alps, the Vosges and Jura
Mountains, the Carpathians and the Ural mountdtime¢s & Gibbard, 2004). The Alpine
ice cap drained through several ice streams thaipoed the main valleys, forming the
largest glacial system beyond the southern limitshe massive ice sheet (Florineth &
Schluchter, 2000). Other smaller ice caps formethenMassif Central, Vosges and Jura
Mountains (Gillespie & Molnar, 1995). The glaciars the eastern Alps attained their
maximum position as piedmont glaciers between 24&&1rapidly decaying afterwards
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with occasional short time ice oscillations antlstinds (~16 ka) followed by re-advances
during the Older Dryas event (van Husen, 1997;1eeit2007).

Although the established chronology in the Alps gagjs a simultaneous maximum
advance of ice with the Northern European ice sfReitner, 2007), other areas do not
appear to experience a synchronous LGM, likely uprecipitation starvation (Gillespie
& Molnar, 1995). OSL (optically stimulated luminesce) dating in Denmark constrained
the LGM at about 35-32 ka (Houmark-Nielsen, 2008L® consistent with an IRSL-date
(infra-red stimulated luminescence) of sediment82# + 9.4 ka in the Bavarian Forest
just between the southern margins of the Scandinawde sheet and the north flowing
piedmont glaciers of the Alps (Raab & Vdlkel, 2003he LLGM in the Cantabrian
Mountains has been dated to a smaller extent tharexdous maximum advance of ice
which occurred at ca. 48-32 ka (Jalut et al., 200M@¥reover, the LLMG in the Pyrenees
occurred between 70-50 ka, much earlier than theimman extent of the European ice
sheet, with glaciers slowly diminishing to vallelagers by the time of the global LGM
ice advance (Jalut et al., 1992; Gibbons & Mor&tif)2; Garcia-Ruiz et al., 2003; Calvet,
2004). Other high altitude areas towards the egstreenced a LGM at an earlier time.
The reconstructed mountain glaciated environmenthe Carpathians, using different
proxies, suggests that the LGM in the Tatra Mounstaiccurred at 32-30 ka (Lindner et al.,
1990, 2003). The LGM in the Southern Carpathians wkerred from relative chronology
of moraine deposits as asynchronous to global tmecords (Reuther et al., 2007). In
Greece, preliminary uranium-series dating of gleseiments places the maximal glacial
advance to an earlier period in the Devensian gfaci and suggests that the last
maximum glacial advance was less extensive (Woadiwaral., 2004). The LLGM was
also assumed to have occurred earlier in the lastagion in other regions: Massif Central,
Iberia and the Albanian Alps (Straus, 1992, citgdAbben et al., 2008; Gillespie & Molnar,
1995; Marjanac & Marjanac, 2004; Milivojeviet al., 2008). Glacial landforms
assemblages in the high altitude Caucasus Mounsaiggest another restricted glaciation
with cirque and valley glaciers of up to 70 km ldnduring the Late Devensian glaciation
(Gobejishvili, 2004). The LLGM in the Ural Mountanoccurred at ca. 50-60 ka and
during the global LGM glaciers were restricted igher areas, only 1 km down valley
from the present ice limits (Dolvik et al., 2002eci by Svendsen et al, 2004; Mangerud et
al., 2008). Although connected to the NW Europee@ $heet during the Devensian
glaciation, a different response was recorded gy Blarents-Kara (Siberian) ice sheet
which reached its maximum extent at ca. ~90-8QAkir successive advances, it became
progressively smaller in size towards the LGM whka European ice sheet increased
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(Svendsen et al., 2004). Due to an extremely clotgate, the eastern part of the Northern
ice sheet retreated from Arctic Siberia before dlebal LGM (Siegert & Marsiat, 2001)
leaving only corrie and valley glaciers during thime (Astakhov, 1997; Svendsen et al.,
2004; Hubberten et al., 2004).

Scotland

-10° 0° 10° 20° 30° 40°

Figure 2.4. Digital elevation model of Europe (SRTNL The areas considered in this study are located

in the Scottish Highlands k= Monadhliath Mountains) and the Romanian Carpathians (%= Rodna

Mountains).

2.2.2.1 Last maximum glaciation in Scotland

A major imprint on Britain’s landscape was left the Late Devensian glaciation that
immersed much of the country under a massive ieetsiThe extent and timing of this ice
sheet has been the subject of a long scientifiatdein the last decades, with glacial
geomorphology and advances in absolute dating igebs unveiling some of the Late

Devensian glacial histories.

During the LGM of Scotland, Rannoch Moor (Figurd)2was a major ice accumulation
centre (Barrow et al., 1913; Sissons, 1974; Go#e8igHubbard, 2005; Golledge, 2006;
Lowe & Walker, 1976). At this time, ice also sprdamin various upland areas in Britain.
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Ice streams flowed outwards from Rannoch Moor actbs valleys (Sutherland, 1984;
Thorp, 1987; Gordon & Sutherland, 1993), this dieavidenced by deposits of grey
Rannoch granite erratics and ice moulded landfosihewing former ice directions
(Young, 1978; Sutherland, 1984). Tributaries of ki@ch palaeo-ice stream drained the
NW part of the Scottish Highlands (Figure 2.5),eexting to the continental shelf beyond
the present coast and calving into the Atlanticado@radwell et al., 2008b). The Spey ice
stream flowed along the present upper Spey Vallégufe 2.1), draining a considerable
part of the south-eastern Grampians and modifyivegunderlying bedrock by grooving
and breaching (Barrow et al., 1913; Young, 197&).With a thickness of at least 700 m is
thought to have flowed northeast, covering therenéindscape. Long meltwater channels
associated with this ice configuration were cutoasrcols towards the lowlands of the
Moray Firth (Young, 1978). Several united ice stmeain the NE part of the BIIS
coalesced with the FIS (Figure 2.5), which draitfenorthern part of the North Sea basin
westwards and pushed the Scottish ice to flow tdsvdhe NNW (Boulton et al., 1977;
Sutherland, 1984; Bradwell, 2008b; Hubbard, 2008 maximum extent of the BIIS is
interpreted to have occurred somewhere betweeB6e21 ka (Ballantyne, 2010). Away
from the mainland, the coalesced ice streams lefthmevidence across the continental
shelves and the islands of Orkney and Shetlandeiiarm of subglacial tunnel valleys and

moraines (Bradwell et al., 2008b).

Subsequent sea-level rise caused de-coupling oimasses and a punctuated retreat,
forcing each ice stream to re-organize in termfsoo¥ direction and dynamics (Bradwell et
al., 2008b). By ~16 ka the BIIS had retreated ® ¢bastline (Hubbard, 2009), with a
variety of geomorphological features marking itésbbre stillstands and oscillations. As
more retreat and thinning occurred, the regionaence of meltwater channels, eskers,
roches moutonnées, striations and parallel reaeslsimoraines show that the ice was
dynamically active, although topographically coasted with flow mostly within the main
troughs (Sissons, 1973; Mitchell & Merritt, 20045 the ice sheet collapse was generally
rapid (Bradwell et al., 2008b), its eroded meltwathannels produced extensive
glacifluvial deposits whose location and orientatiassist in the interpretation of the
deglaciation pattern. However, recent studies pi@vgeomorphological evidence of
stillstands during the time of deglaciation (Chawerth, 1956; Young, 1974; Brazier et
al., 1998; Golledge, 2002) with stagnant ice masses ice-dammed lakes formed by
meltwater in topographically suitable locations;lsas between the lobes of the major ice
streams and local retreating glaciers. Deglaciatvas also punctuated by several minor
readvances of ice which created push moraines (®%)ef998). These readvances
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generally occurred due to the increasing warmthugino by the North Atlantic Current
which then increased the amount of snowfall (Clajgme 1997). Deglaciation of the BIIS
occurred at different times across Scotland. Ineh&tern part of Scotland, the Cairngorms
and adjacent Spey valley experienced deglaciatedare ca. 14.5 ka (Ballantyne, 2010).
The timing of deglaciation obtained from readvagamoraines in NW Scotland occurred
at ca. 14.0 ka (Ballantyne, 2010). However, the N@¢tor of the ice sheet did not
experience a complete deglaciation during the laté (14.5-12.9 ka), ice being
maintained in favourable locations until after 1&& (Sutherland, 1984; Bradwell et al.,
2008a; Lukas & Bradwell, 2010).

55°N

Figure 2.5. The reconstructed environment of the NWWEuropean ice sheet at 30—25 ka BP. Dark grey
shading represents the zone of confluence (CZ) beden the BIS & FIS (Bradwell et al., 2008b).

In terms of ice sheet thickness in Scotland, thvegise a general confidence that nunataks
were protruding through the ice during the maximgliacciation in Scotland and that the
upper limit of the ice sheet was marked by trimdiren the valley sides between the
glacially moulded lower surfaces and the periglacaeathered upper surfaces and
summits (Ballantyne, 2002). More recently, it hagito shown that non-glacial features can
survive under cold-based ice masses which haveelinerosional interaction with the

underlying substrate (Fabel et al., 2002).
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2.2.2.2 Last maximum glaciation in Romania

Although separated from the NW European ice siibetRomanian Carpathians (Figure
2.4) experienced multiple glacial advances througtite Quaternary and there is evidence
of past glaciations in all the three mountain rang@®cal geographic conditions influenced
the glacier dynamics resulting in different glaambrphologies. To date there is limited
knowledge about the timing of the last glaciatiam intervening interglacials in the
Carpathians, with existing glacial reconstructidrased on a relative chronology reliant

mainly on glacial landforms.

The Quaternary glaciations in the Romanian Carpathhave been researched since the
end of the 19 century, with the pioneering work of H. Zapalowi(¥886), Lehman
(1885), Czirbusz (1896), de Martonne (1924), Mumte®urgoci (1898), Athanasiu
(1899), Szadeczky (1905, 1906) and Sawicki (1909, 1911jukrer (1930), Bleahu
(1957), Sarcu (1963), Morariu (1981). On the basigeomorphological evidence, the last
glaciations in the Romanian Carpathians were ckeniaed by cirque and valley glaciers,
and where relief was favourable, occasional platesu masses formed. Through a
combination of high altitudes, moisture from thdaftic ocean to the west and a cold
continental influence from the east, the northart pf the Romanian Carpathians (Rodna
Mountains) had the longest valley glaciers, withde extending to as low as 700 m
altitude (this study).

Absolute dating methods (e.g. surface exposuragla®SL, IRSL) have been introduced
in the last decades to help constrain the timingylatial events in various parts of the
country. Recent studies in the south-western paitieo Carpathians (Retezat Mountains;
Figure 2.2) have reconstructed three glacial adssngartially asynchronous with global
climate records. Morphological and pedological stigations of the lowest moraines in
Retezat Mountains indicate that an extensive maxirglaciation occurred well before the
global LGM, presumably during the Early DevensiReuther et al. (2007) attempted to
determine the glacial chronology using surface suyp® dating but were hampered by the
high degree of boulder weathering. It was arguest the maximum glacier advance
occurred during MIS 4 (Early Devensian) rather tidaming MIS 2 (Late Devensian) as
indicated by pollen analysis and deposition of $o¢€arciumaru, 1980). Significant
climate cooling is also recorded by U/Th TIMS (iinerionisation mass spectrometry) of
cave speleothems in north-west Romania with a diswaity in carbonate growth during
MIS 4 (Onac & Lauritzen, 1996;amas & Causse, 2000/2001;anas et al., 2005). The
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lower temperatures during MIS 4 are in good agregmmath other constraints using
micromamals in cave deposits in south-eastern Ram@idulescu & Samson, 1992;
Petculescu & Samson, 2001), and according to Cotistat al. (2007), a severe cold
period is shown in a decrease in speleothem granvthe SW part of the Carpathians
(Poleva Cave) between 40-35 ka, compared to thetéomperatures of the global LGM
(26-21 ka).

During the global LGM, the Romanian glaciers wargslextensive and this was explained
by the increased aridity in the Carpathians dusetblevel being approximately 120-150 m
lower than at present with a concomitant reductmomoisture sources for these mountains
from the Mediterranean-, Marmara- and Black Seasj¢Met al., 2006; Lambeck &
Purcell, 2005; Kaplin & Selivanov, 2004). Conveysehe increased moisture released
through the decay of the European ice sheet cabgeglaciers in the Retezat Mountains
to readvance during the Lateglacial, depositingaimas around 17-16 ka (Reuther et al.,
2007).

2.2.3 Younger Dryas (YD)

The transition from glacial conditions of the Desiam to the warm Holocene interglacial
was not uniform, both spatially and temporally.tA¢ end of the Devensian glaciation an
abrupt and severe cooling event, the Younger Dfy&9, occurred in the high latitudes of
the Northern Hemisphere, between 12.9 — 11.7 k@RBBmussen et al., 2006; Lowe et al.,
2008). It followed a warming period when large ditées of fresh water (ice-dammed
meltwater, great amounts of icebergs from the Laide ice sheet and/or an increased
amount of precipitation) reached the North Atlantigroecker, 2006). Generally, the
Oceanic Polar Front lies to the north of the Bhitisles (Benn, 1997) but the input of fresh
water caused abrupt shifts in sea surface anémpératures resulting in a temporary slow
down of the oceanic thermohaline circulation (B@&ndotti, 1995; Bond et al., 1997). As
less warmth was brought to the high latitudes afthweest Europe, the North Atlantic
Polar Front migrated southwards to the latituden@fthern Portugal. In addition recent
studies have demonstrated that westerly winds sdigted abruptly during the YD winter
season, likely due to the changes in sea ice dondjtand may be linked to the slowdown
in the North Atlantic Ocean circulation and the loog of the European climate (Li et al.,
2005; Wunsch, 2006; Braconnot, 2007).
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The YD is recorded in Greenland ice core recortsreby providing good age and
duration control on this event and allowing Eurapsgnchronicity to be established. It
was one of the largest abrupt climate changes v¥e taken place within the last 100 ka
(Alley, 2000). According to varved lake sedimemisWestern Germany, the YD was
extremely abrupt (20-50 years), both at the begm@ind at the end (Brauer et al., 1999).
In spite of the short period of the YD, air and t&aperatures decreased to the level of the
global LGM (Golledge, 2008), yet the ice extentossr Europe was more limited and
sporadically distributed across the continent. Temelforms created during the YD glacial
advance remain remarkably fresh as they have nen Isebsequently covered by ice

advances and have been only superficially modiig@ostglacial processes.

During the YD, an extensive ice cap grew acrossSbettish Western Highlands and
several smaller ice caps were formed in other apéd&itain (Figure 2.6). The southern
limits of the Scandinavian ice sheet lay acrossthteyan Norway, central Sweden and
southern Finland (Humlum, 1997). The prominent nm&s along the coast of Norway
stand as evidence for renewed glacial advance finenhigher elevation cirques (Larsen &
Mangerud, 1981). Surface exposure ages from SWarkdniconfirm the deposition of
moraines during the retreat of the YD Scandinawansheet, with a mean age of 12.4 +
1.5 ka (Beaulieu et al., 1994). YD glaciation iruge@rn Sweden was restricted to cirque
glaciers situated at very low altitudes in the @kédrrock canyon, their survival having
been dependent on topography and snow drift byedgswvinds (Humlum, 1997). The
Kleiner Arbersee area in the Bavarian Forest oin@aey was completely ice free before
the YD event as indicated by radiocarbon ages sélblake sediments (Raab & Volkel,
2003). At this cold glacial episode, the Alps giasireadvanced from smaller ice covered
areas as indicated by samplé®Be¢, °Al, pollen, varves) taken from moraines which
yielded ages ranging within the YD stadial (Horne¢sal., 2007). The Eastern Alps are
thought to have been almost ice free throughoutWirelermere interstadial and the YD is
represented only by cirque glaciers at higher ¢lena (van Husen, 1997). The last major
cooling phase before the warm Holocene was alswrded in the sediments of the Przedni
Staw Lake in the Northern Carpathians (Lindner let 2003). Exposure dating of a
moraine in the Ukrainian Carpathians indicates adéposition with a mean age of 12.1 +
0.3 ka (Rinterknecht et al., 2011). YD glaciers édnédeen reconstructed in the Romanian
Carpathians based dfBe ages, pollen analysis and speleothems (e.g.t&@dimset al.,
2007; Feurdean et al., 2007; Reuther et al., 2007).
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2.2.3.1 Younger Dryas in Scotland

The YD period of abrupt climate cooling led to adHived ice readvance in Scotland
known locally as the Loch Lomond Stadial (LLS) @&a - 11.7 ka cal. yr BP; Lowe et
al., 2008). Substantial research has been undertakeeconstruct the ice extent and
pattern of deglaciation during this time (e.g. 8iss 1974; Golledge, 2008; Ballantyne,
2010). Recent applications of surface exposurengdth landform assemblages from the
YD period have constrained the temporal limitsho$ 1ast glacial advance and allowed for
a better understanding of the spatial variabilitice across Scotland at that time.

Generally, landform assemblages in the Highlandsteeto a distinct phase of valley
glaciation with clear end moraines, boulder spreaddrift limits marking the maximum
distribution of YD glaciers (Sutherland, 1984). @nimited topographic change has
occurred since the YD, so that glacial landforms lbetter preserved with little of the
glacifluvial masking of deposits that occurred dgrthe wasting of the larger Devensian
ice sheet (Sissons, 1978, 1979a; Ballantyne, 1B88n & Ballantyne, 2005; Finlayson,
2006; Lukas & Benn, 2006). Periglacial trimlinesdze observed on slopes, marking the
transition from glaciated areas to upper grountlésaaped glaciation but were intensively
weathered in an extremely harsh periglacial envirent (Ballantyne & Kirkbride, 1987).

Similar to the LGM, the high mountain area arourmhRch Moor acted as the major
accumulation centre for the growth of the main YQ#and ice cap (Figure 2.6; Golledge
& Hubbard, 2005; Golledge, 2008). Other smallerepehdent ice masses occupied
corries, glens and several plateaux in the westramthwest Highlands, Grampians, and
Cairngorms (Sissons, 1973; Gordon & Sutherland318B&nn, 1997).

Precipitation and snow accumulation declined stymgstward due to the distance of
plateau accumulation areas from the western maxitn masses (Everest & Golledge,
2004), starving these areas and this is reflectesinaller and higher ice fields to the east
(Sissons, 1979a; Hubbard, 1999). An eastward risthe equilibrium line altitude was

recorded between the Western Highlands ice caglen€airngorms, indicating a strong
precipitation gradient across Scotland, likely mwtionger than today (Sissons, 1980;
Benn, 1997). At present, winds from the SW bringderate or strong precipitation to the
west of Scotland, and often very slight or no goiation in the east. This gradient is likely
to have occurred during the YD, although strongéf Binds added considerable snow,

especially in areas sheltered from insolation.@isg1980) also argued that snow-bearing
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Figure 2.6. Model of maximum ice extent in Scotlanduring the Younger Dryas episode
(Golledge et al., 2008).

winds were south-easterly whilst transfer of snoasvby westerly and south-westerly
winds. Despite its shortness (~1.2 ka), the medy ska level temperature in Western
Scotland was ~6-7°C, roughly 6°C below the modestues, and the mean annual

Delia M. Gheorghiu 2012 Page 23



Chapter 2 Geographical & climatological context

temperatures over Scotland during the YD registeratbcrease of ~8-10°C (Sissons &
Sutherland, 1976; Atkinson et al., 1987; Benn, 13%®bbard, 1999).

A rapid northwards migration of the North AtlantRolar Front ended the YD stadial.
However, the ice decay occurred as two phasesiiaal phaseof active deglaciation due
to a fall in precipitation with interrupted retreat ice, followed by an abrupt rise in air
temperature (Atkinson et al., 1987) resulting innterrupted retreat andh situ ice
stagnation at the end of the stadial (Benn et1l@92; Bennett & Boulton, 1993; Benn,
1997; Brooks & Birks, 2000). Temperatures thereafiereased at a relatively rapid pace,
around 1.7-2.8°C per century (Atkinson et al., 987

2.2.3.2 Younger Dryas in Romania

Pollen analyses in different areas of the Romaarpathians indicate climate change
through vegetation migration patterns at the entheflast glacial cycle. Recent studies of
lake sediments at intermediate elevations (ca.7%dnmorth-western Romania (Gutai

Mountains) show a broad synchronicity with the préslimate, with three periods of cold

and dry climate, separated by warm and humid perabating the Lateglacial between

14.7-11.5 ka (Feurdean & Bennike, 2004; Feurdeah 2011).

The exposure ages of the Younger Dryas readvan&eiazat Mountains (13 — 11 ka),
generated from boulders on moraines, correlate widl results from other mountains in
Romania. According to #cas et al. (1999), Reuther et al. (2007) and Bjorknearal.
(2002) forest vegetation gave way to open vegetatoommunities between 12.9-11.5 ka in
the lower Reteza as well as west of Rodna, in Gdtintains (Figure 2.2). This occurred
coevally with the Younger Dryas glacier readvaraeigsigher altitudes. The deposition of a
speleothem in south-western Romania resumed at4-kklwhen rapid growth began at
the beginning of the Holocene period (Constantial €2007).

The abrupt increase of mean temperatures by d@t3e@SC at 11.5 ka marks the beginning
of the Holocene. This significant warming, withiesé than 15 years (Berner & Streif,
2000, cited by Terhtrne-Berson, 2005), and increseoisture availability is marked by
the response of the terrestrial vegetation at Baeluganului, north-western Romania
(Feurdean & Bennike, 2004).
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2.3 Outline of missing information

This thesis sets out to establish the environmesgalitions in Europe during the last
glaciation and to test the climate synchronicignirScotland to Romania.

There is currently limited information regardingetpattern and timing of deglaciation of
the Late Devensian ice sheet. Moreover, the spatiaht of the ice masses that reoccupied
the Monadhliath Mountains during the Lateglaciad hat been well established. A plateau
ice cap and cirque glaciers have been predictesugir numerical modeling to have
covered the study area during the Younger Dryadlé@ge, 2008). However, there are no

constraints on the timing of this short coolingsejpie.

At present, the main difficulty lies in a lack aifficient glacial records in the Romanian
Carpathians. Establishing the long-term glacialonbtogy in this region could provide
important information in identifying the strongestluencing factors and their role in the
regional distribution of temperature and precipitat Moreover, the complex transmission
of the climatic signals from high latitude maritinsemates to lower latitude continental
climates across Europe is currently not well unidexd.
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3.1 Introduction

In order to increase our understanding of the ditnahanges during the Devensian
glaciation in the Monadhliath and Rodna Mountaiitsjs necessary to identify the
geomorphological signature and the chronologicquieace of glacial events in these two
areas. The glacial landforms in both areas have peeially mapped before by various
authors and the aim of this project is to improwne @rovide new interpretations of the
geomorphological evidence and set these within @ndtogical framework. As the
temporal limits of the glaciations have never beenurely established, | used surface
exposure dating to constrain the deglaciation hystaf the Monadhliath and Rodna
Mountains. This chapter begins with a descriptibthe geomorphological mapping based
on remote sensing and field mapping. Most of theptér will detail the application of
surface exposure dating, a useful technique toratay constrain the timing of various
processes. The three methods used for estimatendedjuilibrium Line Altitude (ELA)

employed in the glacial reconstructions will becdissed at the end of the chapter.

3.2 Remote sensing

Remote sensing was initially used to map the gephwogy of the study areas. It
supplied the spatial data necessary to understamdylacial landform distribution and
pattern before ground-truthing. Once the distrilautof moraines and glacially modified
bedrock surfaces were identified, sites were setefdr surface exposure dating using the

in situ produced cosmogenic nuclifiBe.

| used Ordnance Survey of Britain topographical sndp:25 000), air photographs
(1:24,000; RCAHMS), and high resolution digital ved@on models (DEM) from the
NEXTMap database for Scotland (5m horizontal resmi). The hillshaded DEMs were
created with artificial illumination from variousngles using ESRI's ArcGIS v. 9.3.
Given that good satellite imagery was not availdble Romania, | used topographical
maps (1:50 000; DTM, DIMAP), orthophotomaps (1:5080ICP1I), Aster data (NASA)
(30m horizontal resolution) and SRTM imagery (90oritontal resolution; NASA). A
digital elevation model (DEM) for Rodna Mountaingwinterpolated from the contour
line elevations of ASTER imagery (30 m horizontasalution; NASA) and used as the

base for the geomorphological maps.
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3.3 Field mapping

Geomorphological maps were essential to establishrélative positions, altitudes and
composition of the various glacial landforms witleiach study area and to identify suitable
places to sample for surface exposure dating. Megppi Scotland was carried out between
October 2007 and May 2010, whilst mapping in Rormawas carried during the 2008 and
2009 summers. The field mapping verified and refitlee maps created from remotely
sensed data, and identified new ice limits and gephological associations; rock samples
were collected from glacial landforms. Contour $ingere created from the NEXTMap
dataset for Britain and the ASTER DEMs for Romaraad compiled with the

geomorphological mapping in the ESRI's ArcGIS 9TBe maps were then improved in
Adobe lllustrator CS and are presented and disdulssther in Chapter 4, Figure 4.5 for
the Monadhliath Mountains, and Chapter 5, Figu® for the Rodna Mountains. The

geomorphological maps are also presented in Apeddot both study areas.
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3.4 Surface exposure dating

Surface exposure dating (SED) is a technique thiggas the concentration of cosmogenic
nuclides produced in minerals at the surface of Haeth to directly date landforms
(Cerling & Craig, 1994). Several stable and radiwacterrestrial cosmogenic nuclides
(*'Ne, ®He,®Be, %°Al, *C, *®Cl) are formedn situ in the lithosphere by secondary cosmic
radiation (Lal, 1991). The concentration, rate afduction, and rate of decay of terrestrial
cosmogenic nuclides (TCN) are used to determin@®xe ages, burial ages, or erosion
rates of rocks and sediment for a variety of land® and geomorphological processes
such as deglaciation, landslides, formation of iluvterraces, sediment transport and
deposition rates, volcanic eruptions, uplift andision rates, on timescales of 300/
years (Masarik & Reedy, 1995).

The occurrence of TCN in the Earth’s surface milseaad their potential as a dating tool
was first suggested by Paneth et al. (1952) andsD&\Schaffer (1955), while Lal and
Peters (1967) demonstrated that the concentraticsoime of these nuclides could be
determined. However, the ‘routine’ measurement xfreenely low concentration of
naturally occurring radioactive cosmogenic nucligg$ew thousand atoms per gram) has
only been possible through advances in accelenaass spectrometry (AMS) in the early
1980s (Elmore and Phillips, 188Gosse & Phillips, 2001; Freeman et al., 2004,7200

In this study, we used thie situ produced cosmogenic nuclid®e, which is formed in
quartz, for constraining the deglaciation histolwéghe two field areas. This section will
discuss the basic theory of the TCN method, andathentages and uncertainties of its

application.

3.4.1 Cosmic radiation

The Earth is exposed to a constant stream of cosdiation (CR) from all directions. The
chemical and isotopic composition of matter expogedosmic radiation is subject to
various changes. Cosmic radiation refers to padithat have been accelerated to almost
light speed by the expanding shock waves produced fshort lived supernovae
explosions within our galaxy (Gosse & Phillips, 2D0There are approximately three

supernovae per century occurring in the Milky Walagy providing the Earth with a
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constant cosmic ray flux (Lal, 2007). Solar cosnaigs, produced in our solar system, have
energies of 1-50 MeV depending on the solar agtiBtronger than the solar rays as they
originate from outside our solar system, the galamismic rays have energies of up to 100
GeV and can penetrate deeper into the Earth’'s gineos, producing more terrestrial

cosmogenic nuclides at the Earth’s surface (Cegir@raig, 1994). CR undergoes various

interactions and transformations on the way tolEa#t it passes through the heliosphere,
the magnetic field of the Earth and the Earth’sapinere. The geomagnetic field of the

Earth has the strongest influence over the cosayid¢lux.

3.4.1.1 Primary cosmic rays

Primary Cosmic Rays (PCR) are stable charged pestiand consist mainly of highly
energetic protons (~87%) andparticles (~12%) (Cerling & Craig, 1994; Dunai,120).
The energy spectrum and composition of high-engedgctic cosmic rays is modulated by
Earth’s magnetic field and to a lesser degree by3tin’s magnetic field (= heliosphere)
that is carried by solar winds amongst the planéthe Solar System and is governed by
the Sun’s 11 year solar cycle (Lal & Peters, 196, 1991; Pigati & Lifton, 2004).

3.4.1.2 Secondary cosmic rays

The PCR are able to travel to Earth from theirdfirsources because the space matter has
low density. As they approach the Earth, the PCieraat with atmospheric matter and
produce nuclear disintegrations in the upper atimesg depending primarily on the total
nucleon flux (Lal, 2000). The high-energy collissopetween PCR and other particles (e.qg.
gas molecules present in the atmosphere) restiieiproduction of secondary cosmic rays
(SCR). They include very high energy particles, ntyanucleons (e.g. protons, neutrons)
and mesons (kaons, pions and muons) (Cerling &Ci#94; Gosse & Phillips, 2001). A
cascade of collisions (Figure 3.1) occurs whennéwly created particles move through
atmospheric matter, producing more secondary cosme As a result of these collisions
SCR have typically less energy than PCR, and slmmndowards the surface of the Earth.

Typical attenuation lengths of cosmic ray neutrares160 g ci.
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When hitting the Earth, these particles producblstand radioactive nuclides in minerals
exposed in the top few metres of surface. Mosthefih situ cosmogenic nuclides are
produced through the interaction of secondary galaosmic rays with terrestrial rocks
because they have higher energies than solar casiyéc and can therefore penetrate
deeper into the Earth’s atmosphere and crust, wautficient energy to create nuclear

interactions.
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Figure 3.1. Cosmic ray cascade in the atmosphere @iithosphere (f = gamma ray,p = muon,
7 = pion, e = electron, n = neutron, p = proton, v ;eutrino, N = nucleon). Modified from
Gosse & Phillips (2001) & CERN (2003).

The flux of cosmic rays to Earth’s surface largégpends on the temporal changes in the
Earth’'s geomagnetic field (Dunai, 2001). A weakeagmetic field allows greater
penetration of cosmic rays into the atmosphere hvhionsequently increases the
production of cosmogenic nuclides (Cerling & Crai994). Due to the present
geomagnetic field configuration (axial dipole),ostger deflection of the cosmic particles
occurs at the equator than at higher latitudes &las2001) where the field lines are
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nearly perpendicular to the Earth’s surface so tharged particles of all energies reach
the atmosphere almost undisturbed at geomagneiicdies above ca. 58° latitude (Lal,
1991; Lal and Peters, 1967; Gosse & Phillips, 200hgrefore, the production of TCN at

sea level is almost double at the poles than atqo@tor.

Deflection of the incoming cosmic radiation is atsetermined by the particles’ magnetic
rigidity (momentum per unit charge) (Lal & Petet967; Masarik, 2001). The cosmic ray
cutoff rigidity refers to the minimum energy neededa particle in the upper atmosphere
to penetrate the Earth’s magnetic field at certaititudes (Lal, 1988). Particles are
accepted, deflected or attenuated based on thergento penetrate the Earth’'s
magnetosphere (Pigati & Lifton, 2004; Masarik, 200Ihe cutoff rigidity of cosmic

particles is also a function of the angle of incide of cosmic rays on a surface.

When interacting with the atmospheric particleg tosmic ray flux is attenuated and
decreases exponentially (Lal, 1991). The attenodBagth refers to the thickness of the
mass through which the particles are travelling @ndlepends on the geomagnetic
coordinates and the atmospheric depth. As the watem length of cosmic particles is
higher at low latitude, higher rigidities are neg&de order for particles to reach lower
latitudes than at higher latitudes. The cosmic gsexponentially attenuated between an
atmospheric depth of 150 g @mt geomagnetic latitudes 60-90° and up to 220 § am
the equator (0-10 km altitude; Lal, 1991).

Secondary cosmic ray flux at the Earth’s solid scef also depends on atmospheric
shielding as air pressure is not uniformly disttdgband the cosmic ray intensity decreases
exponentially with atmospheric depth. Thus the dogmay flux increases with increasing
altitude due to a decrease in air pressure, aadcassequence the nuclide production rates
increases with altitude (at a rate of about ~1%/Hdnow altitude) (Lal and Peters, 1967;
Lal, 1991; Stone, 2000).
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3.4.2 Scaling factors and production rates

The accumulation of cosmogenic nuclides cannot ded U0 date any event unless we
know the rates at which they are produced, both aad in the past. To convert the
concentration of TCN in a rock sample to an expesuge requires an accurate knowledge
of the nuclide production rate (Schaefer & Liftd2Q07). The production rate of TCN
depends mainly on the cosmic ray flux, which iduahced by geographical location
(latitude, longitude and altitude) and temporaliatzons in solar activity, the geomagnetic
field strength, and atmospheric pressure. As dtrethe latter three, the production rate
of the nuclides is not uniform across time. Lodaikekling from the cosmic ray flux by
topography and sample thickness must also be takeraccount. The following section
will consider various altitude and latitude scalingethods, sample shielding, and the

global reference production rate.

3.4.2.1 Scaling factors

In order to estimate the exposure time of a surfaceosmic radiation accurate rates of
local nuclide production need to be known (Lal, @08tone, 2000; Gosse & Phillips,

2001). To compare data from different geographimehtions requires corrections for the
site-specific latitude, longitude and altitude adwog to production rates at sea-level and
high latitude (SLHL) (Lal, 1991; Gosse & Phillip&001). There are currently several
scaling methods in use. They are based on expeame@asurements of neutron flux in

the atmosphere, photographic emulsions, water tsarged cloud chambers (Gosse &
Phillips, 2001; Dunai, 2010).

The model of Lal (1991), based on the nuclear thgimations of Lal & Peters (1967),
provided the first latitude and altitude scalingtéas to describe cosmic ray flux variations
at the Earth’s surface. The model implies thatEaeth’s magnetic field has an axially-
symmetric purely dipole shape and does not incliesieporal changes of the Earth’s
magnetic field and its ability to deflect primargsenic rays (Desilets, 2005). The intensity
of the magnetic field is different from one areaatwther on Earth; however, the periods
of time over which contemporary studies were ajpipleeg. Nishiizumi et al., 1989) did not
present significant variations. Lal's (1991) mogdetsents a uniform relationship between
latitude and altitude without considering the sgatariations in atmospheric pressure.
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Stone (2000) based his work on Lal's model (1994yl ancludes revisions of the
contribution by muons to TCN production, and that& differences in global surface air
pressure, which affects the regional variation IfCNI production rates by
increasing/decreasing the flux of cosmic rays atHEarth’'s surface. This model does not
include temporal magnetic field strength variatidmg allows for regional deviations in
atmospheric pressure to be included in the productate calculations. For example,
Antarctic air pressure for the last 40 years isagprage 25 hPa lower than over other

continents, a depression which is likely to haverbgresent during the past glaciations.

Another scaling method was developed by Dunai (20000 takes into account the
variations in the magnetic field intensity and Ire tatmosphere (i.e. climatic variation,
anomalous pressure system) but assumes that tlmgyesgectrum of cosmic rays is
independent of altitude (Desilets, 2005). The mauelgrates the effect of non-dipole field
components on the original neutron monitor dataluselLal (1991) and Stone (2000) at
sea level. As a consequence, the results obtané&ibai are up to 30% lower than those

of Lal’'s whose scaling scheme took into accouniga muon contribution.

Scaling factors for the production rates of TCN evalso derived by Zreda et al. (1991),
Masarik & Reedy (1995), Desilets & Zreda (2003)tdn et al. (2005, 2008) and Desilets
et al. (2006) but have not been widely used. ThHeyse the same data set but with
different description of the geomagnetic field, aspheric pressure, and with/without

secular variations (Dunai, 2010).

3.4.2.2 Shielding factors

Topography and other local obstructions

Cosmic radiation is equally distributed on a wiflat and horizontal surface on Earth.
However, when any obstruction occurs, the cosmiltateon is reduced and the surface
receives only a reduced amount of the total indidediation. Therefore, it is necessary to
correct the production rate of TCN for shieldingtloé sampled surface. If the shielding is
not taken into account, the diminished cosmic tay tvill lead to unrealistic production
rates, and the smaller nuclide concentrations wmiplicitly produce erroneously young

exposure ages.

Delia M. Gheorghiu 2012 Page 34



Chapter 3 Methods

Shielding could be due to the surrounding topogyafehg. high mountains, large rocks,
steep valley sides), dipping sample surface, véigatasediment, snow or water (Dunne et
al., 1999). Sampling for surface exposure datinguldiobe ideal in a non-shielded
environment, where surfaces are smooth and hoak@md the inclination angle to the
horizon is 0° for the full 360° rotation (Figur&B.Slope angles of 25° or less are not very
significant (Dunne et al., 1999), for example, & Burface on the bottom of a cone with

45° slopes still receiving 80 % of the cosmic ray flBosse & Phillips, 2001).

elevation
40m
30m
25m 25m
20m

15 m

0 30° 70° 120° 150" 180° 240° 310°  360°

Figure 3.2. Diagram showing how to determine topo@phic shielding for a sampled surface using the

measured azimuth and inclination angle at major braks in slope of the surrounding topography.

The measurement of the topographic shielding etdecsampled surfaces is defined by
compass bearing and clinometer measurements twtimon. The topographic obstruction
of the cosmic radiation on horizontal surfaces esivitd by calculating the ratio of the
present radiation flux in the sampled area to tlaimum radiation flux that would be
possible if the sky was not blocked by the surrangdopography (Dunne et al., 1999;
Gosse & Phillips, 2001). The following formula isad for calculating the shielding factor:

- iZACDi sin™ g (1)
360 =

S=1
where S is the shielding factor for a series ofobstacles, each with a corresponding
inclination angle 8;, with an extent through an azimuthd®;, and m is 2.3, an

experimentally determined constant (Dunne et 809).
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Sample thickness

The production rate of the TCN generally referghi® amount of nuclides formed at the
top surface of the sample. The samples taken ferstiudy were generally <3 cm thick
which results in a < 3% reduction in nuclide praglut over the integrated sample depth
(Figure 3.3).

Other factors

Production of cosmogenic nuclides depends on thpeshsize and position of the target
surface. Rounded boulder surfaces may receiveitetimosmic flux and consequently the
production rate of nuclides will be 10-12% loweanthwider flat surfaces (Masarik &

Wieler, 2003). The samples in this study were ctdlé from large and horizontal boulder

surfaces and no corrections were needed for thesexe ages we produced.

The samples in the present study were taken freniap surface of boulders or from flat
bedrock surfaces where vegetation did not obstf@atrections for potential snow cover
were not applied as winter snow-cover history #alilt to constrain, however, samples
were collected from the top surface of prominenstapding boulders to minimise this
effect. They are unlikely to have accumulated peatetained soil, since deglaciation.

3.4.2.3 Production rates

TCN are produced through three reactions betweehith energy nucleons and the target
nuclei in rocks exposed to cosmic radiation: spialfa thermal neutron capture and muon

induced nuclear disintegrations, mainly by negathwen capture (Lal, 1991).

The nuclear spallation of cosmic ray particles esdoth in the atmosphere and in surface
rocks (> 40 MeV; Lal, 1991) and refers to the sodin of high-energy nucleons and the
target nuclei. This nuclear reaction breaks apettarget atoms causing the formation of
new lighter particles, such as protons and neutrahich are expelled leaving behind a

lighter nucleus with a smaller atomic number.
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Negative muon capture reaction occurs when a negatuon enters into the target, slows
down proportionally to the material density andaptured by a proton, generally resulting
in production of a neutron and a neutrino, and sones a gamma photon. Due to the
greater penetrating ability of muons compared tatno@s, negative muon capture occurs
deeper in the Earth where it becomes dominant gpaltation (Niedermann, 2002; Gosse
& Phillips, 2001). Although at the surface muon@darce only up to 3% of the total
nuclides in a sample at high latitude and sea Jaral even less at high altitudes (Bierman
et al, 2002), the production rate due to muonsoisetheless taken into consideration in
exposure ages studies.

Lal et al. (1960) marked the start of quantifyirgsimogenic nuclide production rates by
direct measurements of nuclide production in afafitargets exposed to cosmic radiation
at mountain altitudes. The first measurements afhmmgenic nuclides in geological
material were made to establish the exposure/blisébry of Libyan desert glass by Klein
et al. (1986). Cosmogenic nuclides were also dyreteasured in independently dated,
high altitude, glacially polished bedrock surfaceshe Sierra Nevada (Nishiizumi et al.,
1989). This seminal study set the scene for aibcation studies that followed. Geological
calibration was continued by using surfaces wittependently well-constrained ages (i.e.
radiocarbon and thermo-luminescence dating), sedaralslide exposures and lava flows
(Kubik et al., 1998; Stone et al., 1998; SchaefeLi&on, 2007; Putnam et al., 2010).
Other methods of determining TCN production ratedude prediction from a numerical
simulation based on probabilities of the nucle&eractions involved in the production of
TCNs (Masarik & Reedy, 1995). Nishiizumi et al. 969 2007) refined production rates of
1%Be and?®Al in quartz through experimental laboratory measuents in targets of known

nuclide concentration and by exposing target malgeto cosmic rays at high elevations.

The calibration process has evolved over the Vestdecades and a global calibration data
set has been established (Balco et al., 2008).proeuction rates ot’Be derived for
different scaling models, as used in the CRONUSkKEanline calculator version 2.2, are
presented in Table 3.1. Production rates of diffe@smogenic nuclides are generally
known at present but are continuously being refithedugh the development of accurate
and reliable local calibration sites. Recent stsidiave highlighted that the reference
production rates derived from the global calibratitata set are not necessarily appropriate
in different local settings. Therefore, there igeneral need to improve the quality and
coverage of TCN production rates from local calilora sites (e.g. Balco et al., 2009;
Putnam et al., 2010).
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Table 3.1. Spallogenic production rates of'Be at sea level and high latitude (Balco et al., 28).

Scaling models Be°
(atg*a?)
St 4.49 +0.39
De 441 +0.52
Du 4.43 +0.52
Li 4.87 +0.48

#Scaling models: St = Lal (1991) / Stone (2000);-Dieesilets et al. (2006);
Du = Dunai (2000); Li = Lifton et al. (2005);
® Using°Be half-life of 1.38 Ma (Korschinek et al., 200shi@eleff et al., 2009)

The production rate of nuclides changes dependmghe geographical coordinates,
altitude, shielding, the density of the rock, tlepth of the sample and the length of time a
sample has spent at or near the surface (Lal, X2&ling & Craig, 1994).

Exposed rock surface
0
n+u
e 17 — P e/
¥ E P=Pe
c~ 2-
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£%G 37
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['°Be] (x10° atom/g-quartz)

Figure 3.3. Exponential decrease of th®Be production rate. P = production rate,
z = depth (cm), 0 = Earth’s surfacep = rock density (g/cn), A = attenuation
length of cosmic rays in rocks (g/cA) (Lal, 1991).

The concentration of fast neutrons in the Earthifage decreases exponentially with
depth (Figure 3.3; Gosse & Phillips, 2001). Theatise of penetration is determined by
the density of the material. In rock of densitydZcht, over half of the radiation flux is
attenuated within ~60 cm (assuming a cosmic ragnattion length of 160g/cnand at
300 cm depth less than 1% of the surface neuttonr@mains (Lal, 1991).

The attenuation length is also latitude/altitudgpeatwlent as geomagnetic field and the

atmosphere change the energy of the cosmic radigdted, 1991; Gosse & Phillips, 2001).
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Figure 3.4. Concentration ofin situ cosmogenic nuclides against time in the case ofhstant
production rates (Lal, 1991; Granger & Muzikar, 2001).

The concentration of the radioactive nuclides ircaatinuously exposed surface will
eventually reach saturation when the activity of thuclide equals the rate of the
radioactive decay of the nuclide in the sample (Fég3.4). This secular equilibrium is
reached after about four or five half-lives of eanltlide (Table 3.2) and effectively sets

the upper limit of the surface exposure dating négple for different radionuclides.

Table 3.2. Target element and half-life of the comonly used cosmogenic nuclides
in the geosciences (Cerling & Craig, 1994; Niedernma, 2002).

Main target elements

Nuclide in the lithosphere Half -life
*He 0, Si, Al, Mg stable
“INe Mg, Na, Si, Al stable
1%Be 0, Si, Al 1.38 x 10yrs
2 Si, Al 0.71 x 16 yrs
%l Cl, K, Ca 0.30 x 10yrs |
4c C,0 5730 yrs
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3.4.3 In situ cosmogenic *Be production

Radioactive’’Be is a naturally occurring isotope and is the &stdived of the seven
known unstable isotopes of Be (Bierman et al., 20G2is predominantly produced by
cosmic ray spallation reactions of fast nucleonthwaixygen in the atmosphere and in
surface terrestrial rocks. AtmosphetfiBe can be transported through precipitation and
can contaminate terrestrial samples by adherirguéotz surfaces. Since a greater amount
of %Be is produced in the atmosphere (ca. 1 milliomatam? yr'!) thanin situ in
terrestrial materials (ca. 2—20 atoms g-quanz %) (Willenbring & Blanckenburg, 2010),
for surface exposure dating usiimgsitu produced°Be, the removal of the meteoriiBe

through repeated acid etching is very importanth(k& Nishiizumi, 1992).

In situ produced®Be can be formed in most minerals but for surfagesure dating it is
most widely analysed in quartz and to a much lesstmt in olivine. Quartz can be found
almost everywhere on the planet and has a simpigpasition (SiQ) with a uniform
oxygen content. It can be relatively easily sematdtom other minerals and cleaned from
atmospheri¢®Be (Bierman et al., 2002). The main spallationéaig quartz is oxygen by
the reactiort®0 (n, 4p3n) td“Be (i.e. the removal of four protons and 3 neutrivam the
oxygen-16 target nucleus). The global refereimcsitu production rate ot’Be is 4.49 +
0.39 atoms/g-qtz/yr. The relatively lo®Be half-life of 1.387 + 0.012 Ma (Chmeleff et
al., 2009; Korschinek et al., 2009) makes it su#tdbr cosmogenic dating of samples up
to 4-5 Ma in age (Schaefer & Lifton, 2007JBe decays vi@ electron emissions (Bierman
et al., 2002) to stable Boron-10.

3.4.4 Sampling considerations and limitations

Accuracy of surface exposure dating depends orthall factors which influence the
production rate of TCN, sampling strategies andaheironmental conditions (Gosse &
Phillips, 2001). There is often a limited avail#ilof sampling sites and sufficient target
minerals in samples. Adequate sampling places diechwrfaces with no significant sign of
chemical/physical weathering (<3 cm). In order &mluce the uncertainties related to
sample selection for constraining deglaciationdnies, samples were collected from large
stable boulders on the top crest of moraines (dastllikely to have moved since

deposition) or from bedrock surfaces that have lggacially eroded (abraded or plucked)
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and no postglacial erosion. Several samples wdlected from the same landforms where
possible, so that exposure ages can be testedofmistency. There is also uncertainty
regarding the exposure history of the sampled ratksrms of inheritance of the nuclides
from previous exposure periods and possible bughielding). Due to the deeply

penetrating muons, pre-exposure erosion of theasesf should be rapid with > 2.5m
removed in order to reset the cosmogenic clocketo and avoid an inherited component
in the measured cosmogenic nuclide concentratioweddgnised inheritance leads to
higher nuclide concentrations and therefore ovenaesés the exposure duration, whilst
post exposure erosion removes material, includosggnogenic nuclides, thus reducing the
nuclide concentration and underestimating appaseposure ages (Bierman et al., 2002).
Spatial or temporal shielding of cosmic radiatiasuits in lower neutron flux and

production rate, again leading to underestimatgugure duration.

In this study we sampled surfaces that appearée toinimally affected by erosion, snow
and vegetation cover over the entire exposure idmaSome of the glacially polished
surfaces that we sampled indicate negligible seriosion, but may indicate protection

under till.

Rock samples (2-3 cm thick) were collected by hamene chisel from boulders at or near
the crest of moraine ridges and from glacially dbech bedrock surfaces. Location and
elevation of the samples were determined in tHd fising a hand-held global positioning
system (Garmin GPSMap60CX).

3.4.5 Exposure ages

Samples were processed by the authote measurement at the Glasgow University —
Scottish Universities Environmental Research Cef@&t — SUERC) Cosmogenic Isotope
Laboratory, following procedures adapted from K&hNishiizumi (1992) as outlined in
Appendix A. Pressed AMS targets were measuredeaBtHERC AMS Laboratory on the
NEC 5MV Pelletron (Freeman et al., 2007). The melconcentration is provided as the
ratio betweer’Be (stable) and’Be (radioactive) (Appendix B). Measured Be raticsrev

converted to nuclide concentration in quaNi(@) using the equation:
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lo- [(R10sC10s) - (RLOPCC10p)|ENA
qtzLMBe

2 2 2 2
NLO= NLO [aRlOsj +(00105j +(0R10pj +(0010p]
RLOs C10s RLOp C10p

whereR10s andR10p are the measurédBeBe ratio in the sample and the process blank

N

(2)

respectivelyC10s andC10p refers to the amount 8Be spike added to the sample and to
the procedural blank to generate the Be beam rmgess measure the AMS ratiblA is
Avogadro’s number (6.022 x 19, gtz refers to the total amount of quartz dissolved to
make the AMS target, and MBe is the atomic mas8eafo is the uncertainty in the
measured quantities, angN10 is the analytical uncertainty on the calculatectlide

concentration.

To calculate exposure ages | used the Cronus Ealitte calculator which was developed
by Balco et al. (2008) as part of the Cronus Eartthi Cronus EU projects. This calculator
marks an important step towards unifying data malaipn of exposure ages by providing
an easily accessible and consistent means forlatitoy surface exposure ages or erosion
rates fronmBe and’®Al measurements. The calculator requires entryeofygaphical data,
sample thickness (attenuation length of 160 ¢ @nd rock density of 2.7 g éin the
nuclide concentration (N), and the standard refaenaterial used to normalise the AMS
measurements. The calculator uses all the preyiqusblished scaling procedures so the
exposure ages or erosion rates can be compareedetarious scaling schemes. Since it
has been live, the calculator has been updatesflext variations in results due to different
AMS standards used by AMS laboratories, and thsimyv of the'®Be half-life. The full
documentation for version 2.1 can be found in Batal. (2008) with further updates for

version 2.2 online at http://hess.ess.washingtarn.ed

The calculated ages assume constant exposure,snogenic nuclide inheritance from a
previous exposure history, and no erosion of baslde bedrock since exposure and thus

the ages should be regarded as minimum ages.

In spite of the wide use of surface exposure datimgye are still various complications and
uncertainties that can limit its utility. The calated age uncertainties are expressed as +
1lo. Based on the uncertainty sources, exposure agessaally reported with systematic

and analytical uncertainties.
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The analytical uncertainties refer to the uncettesnwe can quantify during the sample
processing and measuring. According to Balco & $fdra (2006), the analytical
uncertainties include three sources of uncertaitig: AMS isotopic ratio, the number of

atoms in the procedural blanks and the numberashgin the Be carrier spike mass.

Systematic uncertainties refer to the reliability tbe method used. It includes the
analytical uncertainty and the uncertainty assediatith the'®Be production rate, which

in this study amount to 8.7% (4.49 + 0.39 at g') and dominates the systematic
uncertainty in the surface exposure ages. Uncégairassociated with environmental
conditions of the surface sampled such as postsitgmaal movement of boulders, post
glacial erosion, burial history, inheritance of hdes from previous exposures or snow and
vegetation cover are difficult to quantify. Howeyvehey can be minimised by only

selecting samples that qualify based on rigoroasngephological assessment.

For comparing the local surface exposure agesearstildy areas | used only the analytical
uncertainty. However, when comparing the ages fotland and Romania or when
comparing the ages to calendar ages or other dbsajies the systematic error should be

used as it takes into account all known uncertsniBalco et al., 2008).
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3.5 ELA reconstruction for the palaeoglaciers

The equilibrium line altitude (ELA) represents livee that separates the accumulation and
ablation areas on a glacier and is an essentiahpeter for glacier reconstructions. Above
the ELA snow accumulates faster than it ablategreds below it, the reverse occurs and
ice is lost as well as snow. The resulting positiwvenegative mass balance determines
whether the glacier builds (the terminus advanoegjownwastes (the terminus retreats).
The physical behaviour of glaciers is directly tethto climate changes as they cause an
altitude shift in the ELA based on the precipitatioput and regional temperature. Any
changes in the amount of snowfall lead to changgla amount of accumulation, whilst
rising or lowering temperatures lead to increasedeoluced melting. This ELA shift

prompts a retreat or advance of the terminus towarelw steady-state position.

ELAs were derived here based on the reconstrudidhe palaeoglacier distribution and
extent during the last glaciation in the Monadhliahd Rodna Mountains and was used to
compare them with ELA data from elsewhere in Eurapget an insight into the patterns
of glaciations and climate across the contineninguliate glacial cooling periods. A range
of ELA reconstruction methods are available anceeéhof the most commonly used
methods were chosen here for comparative purpdkesarea weighted mean altitude
method (AWMA), the accumulation area ratio meth@d®R), and the area altitude
balance ratio method (AABR).

1. The area weighted mean altitude (AWMA)

The area weighted mean altitude method assumesthibaaccumulation and ablation
gradients are equal when the glacier is at its mam extent and in steady state (Sissons,
1974). However, an overestimation of the ELA tetmlccur as ablation gradients are
often steeper than were interpreted by SissonsnBeBallantyne, 2005; Benn & Evans,
1998).

2. The accumulation area ratio (AAR)

Without considering the variations in glaciers hypetry, the AAR method assumes that
the accumulation area occupies a fixed proportibrihe glacier area above the ELA
(Porter, 1975; 2001). This yields typical steadstestAAR values of 0.5-0.8 (for debris-
covered glaciers the AAR may be as low as 0.10is fifethod can lead to erroneous ELA
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estimates because glaciers vary greatly in sizeshage. For example, glaciers with a
wider accumulation area and a narrow ablation ameg have a different AAR than
glaciers with a narrow accumulation area and a waidation area (Benn & Gemmell,
1997).

3. The area altitude balance ratio (AABR)

The area altitude balance ratio method is the medstble method as it includes both the
glacier hypsometry and the variations in mass le@lamd can be used to estimate ELA for
different mass balance ratios (Benn & Gemmell, 1998maston, 2005). This method
assumes a certain value for the balance ratio, hware referred to as ablation gradient
divided by the accumulation gradient. For examplR, = 1.67 implies that the vertical
change in mass balance is 1.67 times greater thdreiaccumulation area. Balance ratios
(BR) between 1.67 and 2.0 are frequently employedtudies in Scotland (Benn &
Ballantyne, 2005; Finlayson, 2006; Ballantyne, 2007

The surface of the past glaciers was reconstruzdsdd on the geomorphological mapping
of the glacial erosional and depositional landfarf@ased on these empirical limits, the
ELAs in this study were calculated and are presemeChapter 4, Table 4.2 for the
Monadhliath Mountains and Chapter 5, Table 5.2tlie Rodna Mountains. The AABR
method was used as the best estimate for the bfacianstructions and interpretations in

this study.
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4.1 Introduction

This chapter brings new evidence on the glaciaiohysof the Monadhliath Mountains

during the Late Devensian glaciation. The MonadhlMountains are part of the Scottish
Highlands (Figure 4.1). There are currently no iglecin this area and the lack of forest
cover assists in mapping and interpreting the gldandscape.
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Figure 4.1. Position of the Monadhliath M ountainsin the Scottish Highlands.

Digital elevation modelsfrom SRTM data (NASA, 2004).
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4.2 The Monadhliath Mountains

4.2.1 Geographical position

The Monadhliath Mountains, the largest range withima Grampian Mountains, lie to the
west of the Cairngorms and Strathspey and to tee adaLochaber and The Great Glen
Fault (Figure 4.2). They are aligned on a northéassouthwest direction. The highest
elevation is Carn Dearg (945 m) but there are festirgttive peaks above 800 m altitude.
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Figure 4.2. Monadhliath M ountains. Study areais marked with a box.

4.2.2 Climate

The moderate temperate climate of Scotland is éselr of proximity to the relatively
warm Atlantic Ocean in the west. The transitiomafist oceanic air from the west towards
the more continental climate in the east resulta istrong precipitation gradient across
Scotland. Located in the central part of Scotlahd, Monadhliath Mountains receive an
average of 1691 mm of rainfall a year and snow asntained for up to 106 days a year.
The average annual temperatures for lowland ameabte Monadhliath Mountains are
around 8C (Met Office, 2009).
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4.2.3 Geology

The crystalline core of the Grampian Mountainststres north-east and south-west and is
occasionally pierced by plutonic igneous bodiesadRe& Horne, 1930).
by belts of sedimentary rocks, less resistant tsien. The Monadhliath Mountains are
mainly composed of metamorphic rocks; the Monadinlichist comprises Precambrian
(Moinian series) psammites and semi-pelites witbansichists, quartz and feldspar (Figure
4.3). Other geological units include intrusions igheous rocks such as granite,

granodiorite, felsite and lamprophyres (Haselocklet1982; Lambert et al., 1982; Dayton,
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4.2.4 Earlier investigations in the Monadhliath Mountains

In comparison to other areas in Scotland, therebkas limited research carried out in the
Monadhliath Mountains (Barrow et al., 1913; Autd®98; Merritt, 1998). Young (1978)
focused on the glacial and glacifluvial landfornighe decaying British and Irish ice-sheet
(BIIS) in the upper Spey Valley and mapped sevdedtures in the Monadhliath
Mountains (moraine limits, kames, eskers, meltwakemnels). The south-eastern part of
the Monadhliath Mountains has also been the sulgethree mapping projects (Gyte,
2004; Trelea, 2008; Boston, 2011) yet dates totcainsthe glacial history have yet been
published for this area. Recent numerical modelpngposed that during the YD stadial,
the plateau of the Monadhliath Mountains was ocadifny an independent ice field, from
which outlet glaciers fed some of the south eastemies (Figure 2.6; Golledge et al.,
2008). In spite of accurately simulating many oé tmapped glacier limits in Scotland
(Sissons, 1974; Sutherland, 1984; Thorp, 1986;aBalhe, 1989; Bennett & Glasser,
1991), the limited availability of empirical data the Monadhliath Mountains does not
allow a comparison with the high resolution modeltlee YD ice cap (Hubbard, 1999;
Golledge et al., 2008) does not match mapped dlémas. The work presented here

provides the first direct chronological data orsthglacial limits.

4.2.5 Study area

The study area is situated in the south-east ofMbeadhliath Mountains (Figure 4.2),
between ~900 m OD (the Monadhliath Plateau) and0O~800D (Glen Banchor) and
covers an area of approx. 55 rThis study reports on four south facing glense(sl
Lochain, Ballach, Fionndrigh and Chaorainn) thae ancised northward into the
Monadhliath Plateau (Figure 4.4).

The field area includes eight summits with altittideer 800 m: Carn Dearg (945 m OD),
Carn A’Chailleach (930 m OD), Carn Sgulain (920 m)OGeal Charn (889 m OD), Meall
na Ceardaich (879 m OD), Creag na h-lolare (815D), Gpiorraid an t-Seillich (806 m
OD) and Carn Macoul (805 m OD) (Figure 4.5). Theg bbcated at the edge of the

Monadhliath Plateau and on the interfluves thaassp the glens.
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Figure 4.4. Digital elevation model of the study area in the south-eastern part of the M onadhliath M ountains.
Hill-shaded digital surface model from Intermap Technologies NEXTM ap Britain topogr aphic data.
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4.3 Geomorphology

The results of the geomorphological mapping ingbeth-eastern Monadhliath Mountains
are shown in Figure 4.5. The study area exhibitarme of glacial landforms. Several
meltwater channels cut the high interfluves deép the bedrock and glacially moulded
surfaces indicate that ice flowed from the platéaio the lower cirques. Glacifluvial

sediments were deposited along and at the bottdheofalleys and moraines were formed
during ice retreat towards the higher ground. Esitenperiglacial weathering is evident in

the upper parts of the valley sides.

On the basis of altitude and groupings of landfoamd sediments, the deglaciation history
of the study area can be divided into two peridts:regional decay of the BIIS and the
subsequent YD readvance and retreat of valley gjigavithin each individual glen. These

two periods will be discussed below in relatioriite geomorphological findings.

4.4 Regional Glaciation

The highest elevation evidence for regional glammassociated with thieate Devensian
BIIS is the scouring and grooving of bedrock atudes and trends that are consistent with
an inferred ice thickness of over 700 m and a SWHN®& direction (Barrow et al., 1913;
Sissons, 1980; Young, 1978). This north-eastedndris matched by the orientation of
high altitude meltwater channels (Sissons, 196@acéek, 1970; Sutherland, 1984; Thorp,
1984). The meltwater channels ignore pre-existimgography (Figure 4.5) by cutting
across present interfluves (Young, 1978). Sevdrahgels (10-20 m deep and 120-500 m
long) cut the western interfluve of Glen Lochairdatross the col between Glen Lochain
and Glen Ballach north of Carn Dearg and north smath of Carn Macoul (Figure 4.5).
Meltwater was also channelled east across theflintes on either side of Glen
Fionndrigh. North of Carn A’Chailleach at 800 m G2 km long, 100 m wide and 50 m
deep meltwater channel appears to terminate ondtib-western edge of Glen Chaorainn
valley, but its continuation is traced further e@&ung, 1974, 1978; Trelea, 2008) and is
interpreted as part of a more extensive subglatiainage system. The trend of the
meltwater channels is often continued at their exastlower elevation extremities by

depositional glacifluvial landforms such as esk@asgxample south of Creag an Loin.
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The meltwater channels south of Creag Liath anch @Gar Leth Choin (Figure 4.5) are
considered to be ice-marginal, having formed altrg lobe of Devensian ice that last
occupied Glen Banchor.

Creag an Loin, 547m

T,

/ Sidhean Mor Dail a’Chaorainn, 397m .

Figure 4.6. Glacifluvial assemblages at the south end of Glen Chaorainn (see Figure 4.5).

Figure4.7. Esker in the eastern part of Glen Banchor (see Figure 4.5).
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Further to the east, several mounds and parallges composed of glacifluvial sediments
at the south end of Glen Chaorainn indicate me#wdeposition (Figure 4.5 & Figure

4.6). The highest is Sidhean Mor Dail a’Chaorainr3@/ m OD, which is composed of

subhorizontal laminated clays, silts, fine sand gralel. A 600 m long, sinuous esker
(Young, 1978) is located at the eastern end of Gkemchor where it widens and joins the
Spey valley (Figure 4.7). Its north-east orientatindicates deposition by the Spey ice
lobe towards the NE (Figure 4.20), predating thengtion of the Calder Gorge which has
truncated the esker at the SW end.

South-east of Creag Liath an isolated bedrock serfaotrudes from the surrounding low
lying terrain. In the lee of this rocky crag, pgsacial incision by the river Fionndrigh has
exposed sections in tills and the feature is tleesfnapped as a crag-and-tail (Figure 4.5).

A low-elevation but prominent ridge (Figure 4.5, nmoe A) stretches west-east in an
arcuate shape just outside the entrances to Glealsain and Ballach at approximately
400 m OD. Another single-crested ridge is locatethe south-west of Glen Banchor at the
confluence of the rivers Lochain and Calder, aldygeNE along the former direction of

glacial drainage in the area (Figure 4.8). It corgtaiscontinuous and undulating beds of
sorted silts, sands, gravels and boulders, refigateposition in variable flow conditions.

Figure 4.8. South-western view of Glen Banchor showing the Strath an Eilich glacial breach
and theridge of outwash sediments (see Figure 4.5).
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4.5 Valley glaciation

This section includes the morphological descriptidrthe four glens and the associated
cirques. The geomorphology in the SE part of thedinliath Mountains was not entirely
caused by the presence of ice masses. It is dfiemesult of the interplay between the

underlying geology and the ice erosion.
4.5.1 Glen Lochain

Glen Lochain is the westernmost valley in the stadsa and has a NW-SE orientation. It
is drained by River Lochain which flows ca. 2.5 kmtil it reaches Glen Banchor. Glen
Lochain contains two cirques - Corrie Dubh and @oman Laogh. The highest point of
the study area is Carn Dearg (945 m OD), locatetherinterfluve that separates Corrie
Dubh from Glen Ballach. Steep walls delimit Glenchain on the eastern side, whilst the
western slopes become gentler in the lower hati@fglen (Figure 4.9).

Glen Banchor

Figure 4.9. Glen Lochain, south view towards Glen Banchor. Moraines B and C are marked (see
Figure4.5).

The southern limit of the glen is marked by welfided recessional moraines (Figure 4.5

& Figure 4.9). Moraine ridge (B) is located at teetrance of the glen. The up valley
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moraine (C) is divided by channels into three paksich of the low ground in Glen
Lochain is occupied by till mounds varying in hdidgietween 1-4 m and separated by
postglacial fluvial channels. Sections show sub&arglocally sourced boulders mixed
with very rounded Rannoch granite clasts, carrigdce into the Spey Valley (Thorp,
1987). The till is thicker on the gentler westelopss (Figure 4.9).

Carn Dearg Structural bench

945 m
’ ) Meltwater channel Carn Macoul
- ) 805 m

"l och Dubh]”

Figure 4.10. Glen Lochain and landfor m assemblages at L och Dubh (see Figure 4.5).

altitude. Two sets of distinct sharp-crested parathoraine ridges (D), composed of
locally derived subangular clasts, and meltwateandels, descend obliquely down the
southern valley side from ca. 730 m OD to ca. 63@Dy marking successive ice-front
positions during glacier retreat. The upper momsiextend towards the drift limit (Figure
4.10) which merges with the scree slopes abovecrdescovered structural bench extends
from 750 m OD to 800 m OD elevation along the eastade of Corrie Dubh to the
plateau. Between the upper limit of the headwatl tie Monadhliath plateau there is a 2
km? area, Stron nan Laogh, where the locally derivetMy tills are hummocky and
kettled (Figure 4.11).
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Figure 4.11. Kettled blocky till on the plateau above L och Dubh (see Figure 4.5).

45.2 Glen Ballach

Glen Ballach stretches for ca. 5 km in a NNW — S#ection and is drained by Allt
Ballach, a tributary of the River Calder. The westside of the valley comprises a high
ridge culminating in Carn Dearg (945 m OD) at itrthern end. This western ridge
separates Glen Ballach from Corrie Dubh and Glechhm and is mantled by scree. The
eastern valley side is also very steep, towardsliMeaCeardaich (879), but decreases in
elevation to 550 m OD midway along the valley befosing again at Creag Liath (743 m
OD) in the lower part of the glen.

Glen Ballach has an up to 2 km wide valley flood ameserves the richest glacial record in
the study area. The most prominent feature in (@allach (Figure 4.12) is a flat

asymmetric ridge up to 60 m in height that exte®@3@ m from the western valley wall to

the valley centre. Fluvial incision in the easteart has exposed a 6 m high and 20 m
wide section. The section exhibits lacustrine sedit® dominated by well-sorted sands,
with lenses of till, laminated clays, dropstonesd accasional current ripples indicating
the presence of a proglacial lake. Auger sampléiseavest of the exposure confirmed that

similar lacustrine sediments underlie the main pathe ridge. The western higher end of
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this ridge is flat topped A horizontal notch cutarbedrock, ~ 750 m in length, extends
from the two meltwater channels (~ 750 m OD) nattiGlen Banchor along the western
valley side at ~ 560 m OD and merges with the hegpart of the flat topped deposit (560
m OD). The combination of lacustrine sediments bedrock notch at matching altitudes
suggests an ice-marginal meltwater route from tledtwater channels into a proglacial
lake.

Meltwater channels

Meltwater route

Figure 4.12. Glacilacustrine deposit in Glen Ballach. Inset showsthe 6 m high section with interbedded

layers of silts/clays and dropstones (see Figure 4.5).

Moraine ridges occur up-valley of the glacilacusrideposit. Moraine E (Figure 4.5)
extends in a wide arc across the valley as a subddge that terminates in several
mounds (2-4 m high) on the east side of the valfeygecond arcuate moraine belt (F)
occurs on higher ground between 580 and 680 m Omverging down valley and

composed of local psammites (Figure 4.5 & FigurE3®. The highest forms a distinct
broad ridge scattered with boulders along the westiepe of the valley. Towards the east,
subdued discontinuous ridges extend uphill tow&ésll na Ceardaich. On the western
flank of the valley, a suite of continuous unduigtiridges (G), composed of 1-2 m
diameter locally derived subangular boulders, eddempslope (Figure 4.13). Ice moulded
bedrock occurs higher up and subangular bouldestitglited either individually or as

boulder spreads are present on the eastern sithe ofalley head. Scoured bedrock steps
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occur at the plateau edge with the plateau beyamygbscattered with extensive boulder
spreads and boulder ridges (Figure 4.5).

Carn Macoul

Figure4.13. Moraineridgesin Glen Ballach (see Figure 4.5).

4.5.3 Glen Fionndrigh

The topography of Glen Fionndrigh differs signifitlg from the adjacent valleys; it is
narrower and deeper with steeper sides. Therel@vacol in the west towards Glen
Ballach and a higher col breaches the easternflintertowards Glen Chaorainn. Rock
slope failure has affected the western slope bebmal Charn (Figure 4.5). The glen is
drained by Allt Fionndrigh which flows sinuouslyrfabout 6 km towards Glen Banchor.

Most of the valley floor is covered with thick flialy-incised outwash deposits (Figure
4.14). Between 600 and 770 m OD the valley floorcasvered with thick elongated
hummocky deposits (2-4 m high), dissected by olkligballow channels. Towards Glas-
choire, the valley head terminates with a genthpisig basin that connects the glen and the
plateau (Figure 4.15). A glacially moulded bedroicige is located at the head of the col
towards Glen Ballach. It has an SW-NE orientationilar to the Late Devensian ice flow
direction and continues with a 350 m long glaciaramne at its NW end (Figure 4.5).
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Spiorraid an t-Seilich
806 m

Glas-Choire

Outwash

Figure 4.14. Outwash in Glen Fionddrigh. I nset shows detail (see Figure 4.5).

Figure 4.15. Hummocky depositsin upper Glen Fionndrigh (see Figure 4.5).
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4.5.4 Glen Chaorainn

Glen Chaorainn is the widest and westernmost vatiejpded in this study. It is drained
by Allt Chaorainn flowing north to south. Towardsthead of the glen slopes are steep,
but down valley they gently decrease in elevatwmist a very low interfluve provides the
eastern limit of the glen.

Glen Chaorainn has a shallow valley floor coveredlacial till (Figure 4.16), which are
deeply incised by the river above 400 m OD. In testern, lower part of the glen
glacifluvial sediments overlie till. These deposite incised by streams occupying the two
meltwater channels on the western col (Figure 4.16)

The small, south-east orientated Coire na Caiiclocated at 750 m OD on the western
valley wall below A’Chailleach (930 m OD; Figure54. Evidence of glacial erosion in
Coire na Calllich is indicated by the concave shageerse slope and ice moulded bedrock
on its floor.

Meltwater channels

Figure 4.16. South view of Glen Chaorainn. The glacifluvial sedimentswere deposited by meltwater
flowing acr oss the interfluve that separates Glen Chaorainn from Glen Fionndrigh (Figure 4.5).

On the opposite side of the valley from Coire ndliCl, glacial till has been fluvially
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incised into long and wide ridges. The sedimentecdhins towards the headwall of Glen
Chaorainn and is dominated by elongated moundgaepaby channels. Several glacially
moulded bedrock knobs occur on the upper sloperttsM@arn Sgulain.

Above the headwall, the plateau has a similar g@ppm as above the Glen Ballach
headwall, with a flat peaty area separated by steslppes (Figure 4.17). Here, this step is
caused by the contact between the underlying micecg@sammite and the schistose
semipelites and psammites (Figure 4.3).

Figure 4.17. The plateau edge above Glen Chaorainn (see Figure 4.5).

4.6 Surface exposure ages

In this study, the history of exposure to cosmigsravas determined by measuring the
concentrations ofn situ produced cosmogenit!Be in quartz from 14 boulders and 2
bedrock surfaces. Sampling methodology and sampleepsing procedures are detailed in
Chpater 3, Subheading 3.4. The calculated age taities are expressed as ¢ (Table
4.1). Although upstanding quartz veins indicatea@ cm of differential erosion at some
sample sites since first exposure, the mean expasyes in Table 4.1 assume a constant
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exposure history, no cosmogenic nuclide inheritaand no erosion of boulders since
deposition. The surface exposure ages should treréle regarded as minimum ages. If
erosion was taken into account, it would incredse dges of the samples by ~ 2.5 %.
Corrections for potential snow cover were not agplas winter snow-cover history is
difficult to constrain. However, to minimise thifext samples were collected from the top
surfaces of prominent upstanding boulders thatks®@ unlikely to have accumulated peat

or soil since deglaciation.

Table 4.1 presents sample locations and thEB® exposure ages. Figure 4.19 shows the
location of the samples.

Glen Banchor. Two boulders exposed on top of the long ridg&len Banchor, at 362 m
OD, yielded exposure ages of 13.3 £ 1.4 ka and 3102 ka (mean = 13.1 + 1.3 ka;
Figure 4.5), coinciding with the end of the Windem Interstade.

Glen Lochain. One sample was collected from the top of a largéd®r on moraine B,
which yielded an age of 11.8 £ 1.1 ka. Two samplege collected from boulders on top
of the moraines near Loch Dubh (D), at 655 m ORI gave minimum exposure ages of
10.2+ 1.1 kaand 11.0 £ 1.0 ka, with a mean adgdd + 1.0 ka BP.

Glen Ballach. Boulders on top of the lake deposit at 550 m @B 528 m OD gave two
exposure ages of 11.6 + 1.1 ka and 10.9 + 1.0 kl,avmean age of 11.2 + 1.1 ka. Two
exposure ages from boulders on the surface of m®faiat 520 m OD vyielded 11.3 £ 1.0
ka and 10.8 £ 1.0 ka with a mean deposition ageldd + 1.0 ka. The exposure ages of
two boulders on top of the upper ridges (F) gaveosure ages of 9.7 £ 0.9 ka and 9.9 +
0.9 ka, with a mean age of 9.8 £ 0.9 ka.

Glen Chaorainn. Three boulders sampled on the till ridges in Gidraorainn, at ~640 m
OD, give ages of 16.2 + 1.5 ka, 14.1 £ 1.3 ka ah® * 1.0 ka. Bedrock outcrops at 755 m
OD on the plateau edge above the headwall yiellgel ages of 12.5 + 1.2 ka and 11.1 +

1.0 ka suggesting ice free conditions at 11.8 ika.{mean value).
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Table4.1. Sampleinfor mation and surface exposur e ages.

Lab ID Lithology Lat  Long Elev. Shielding  Thicknes8 Quartz mass [*Bel® Exposure agde  Ages including Mean ages
°N) (‘W) (mOD) (factor) (cm) (9) (x10*atom g') (ka) erosiofi (ka)
Drift ridges
01 Psammite 57.11 4.15 646 0.9898 2 (0.9833) 21.78 15.26 +4.87 16.2+1.5(0.5) 16.9+1.6(0.5)
15.1+1.4(0.4)
02 Psammite 57.11 4.15 641 0.9959 2 (0.9833) 25.32 13.38+4.27 14.1+1.3(0.4) 147 £1.4 (0.5)
03 Psammite 57.11 4.15 634 0.9959 3 (0.9751) 26.46 10.84+0.35 11.6 £1.0 (0.4) 12.0+1.1(0.4) (excluded)
Glen Banchor Ridge
04 Psammite 57.05 4.05 362 0.9990 3(0.9751) 26.17 9.72+0.60 13.3+1.4 (0.8) 13.8£1.5(0.9)
13.1+£1.3 (0.6)
05 Psammite 57.05 4.22 362 0.9990 3(0.9751) 25.89 9.46+0.35 13.0+1.2 (0.5) 13.4+£1.3 (0.5
Moraine B
06 Granite 57.06 4.23 470 0.9974 4 (0.9670) 24.21 .24 90.31 11.8+1.1(0.4) 11.9+1.1(0.4)
Moraine D
07 Psammite 57.07 4.25 655 0.9938 3 (0.9751) 26.12 9.73+0.60 10.2+1.1 (0.6) 10.5+1.1(0.6)
10.6 £1.0 (0.4)
08 Psammite 57.07 4.25 655 0.9938 3(0.9751) 26.36  10.47 £0.33 11.0+1.0(0.3) 11.3+£1.0(0.3)
Lacustrine deposit
09 Quartz vein  57.08 4.23 550 0.9980 3 (0.9751) 031. 9.91+0.34 11.6+1.1(0.4)
e=0 11.2+1.1 (0.4)
10 Quartz vein  57.08 4.23 528 0.9949 3 (0.9751) 626. 9.21+0.38 10.9+1.0(0.4)
Moraine E
11 Psammite 57.08 4.23 520 0.9963 3(0.9751) 23.76 9.52+0.30 11.3+1.0(0.3) 11.6 £1.1(0.4)
11.0+1.0 (0.3)
12 Psammite 57.08 4.22 520 0.9963 3(0.9751) 23.98 9.07+0.30 10.8£1.0 (0.3) 11.1£1.0(0.3)
Moraine F
13 Quartzite 57.08 4.23 600 0.9945 6 (0.9510) 2477 8.53+0.32 9.7+0.9 (0.4)
e=0 9.8+0.9 (0.3)
14 Quartz vein  57.08 4.23 579 0.9945 2 (0.9833) 0Q7. 8.83+0.31 9.9+0.9(0.3)
Bedrock knobs
Glen Chaorainn
15 Psammite 57.11 4.16 755 0.9852 4 (0.9751) 21.43 12.83+0.52 125+1.2 (0.5) 13.0+£1.3(0.5)
11.8+1.1 (0.4)
16 Psammite 57.11 4.16 755 0.9872 3(0.9833) 20.73 11.46+0.38 11.1+1.0(0.4) 11.5+1.1(0.4)

& Shielding by distant objects computed after Duginal. (1999);

® Sample thickness correction using a rock dendi g cm®>and an attenuation length of 160g Grthickness correction factor is given in the péneses.
¢1%Be concentrations in quartz;

dExposure ages calculated using Cronus-E8Ra —2°Al exposure age calculator v. 2.2 (http://hesswesshington.ed)/ They assume zero erosion, scaling factors frames(2000)

and a production rate of 4.49 + 0.39 atom (g $t@" (Balco et al., 2008);
®Erosion corrected ages using 3 mm/kyr;

"Mean ages with no erosion. All exposure ages arengivith the systematical uncertainty and the aitalyuncertainty in the parentheses.
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4.7 Discussion

4.7.1 The pattern of Late Devensian deglaciation in the SE

Monadhliath Mountains

The reconstructions indicate that the strongestigjlanfluence on the topography was

caused by the last ice sheet that occupied they siteh. The downwasting of the Late
Devensian ice sheet is successively marked by bkedimored meltwater channels at 700-

800 m OD, representing the highest elevation ewdef ice sheet glaciation in the field

area (Figure 4.5). The absence of sediments i thigh channels indicates they were not
covered during subsequent ice readvances in tlae(8issons, 1974; Benn & Ballantyne,

2005).

Continued downwasting led to topographic confinetm@@nthe ice and the formation of
meltwater channels at 550-600 m OD and the expasfutit deposits on the col between
Glens Ballach and Fionndrigh at an elevation of-6@0 m OD (Figure 4.18). The conical
morphology of these till deposits is likely dueemsion and subsequent slope adjustment
after ice retreat.

Creag na h-lolare
AU

~

/

=

Till mounds =

Figure 4.18. Till moundson theinterfluve between Glen Ballach and Glen Fionndrigh (see Figure 4.5).
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On the basis of the position and altitude of metdwv&hannels and glacial deposits, it is
possible to reconstruct the temporal sequence gladiation in the study area (Figure
4.20). The increasing topographic control on icefiguration is noticeable in the change
of the meltwater channel direction from NE to E (vig, 1978) along the northern part of
the Banchor glacier (Figure 4.20).

Evidence of an early separation between ice inntlaén Banchor valley and ice in the
smaller tributary valleys to the north can be foundboth Glen Chaorainn and Glen
Ballach. The glacifluvial deposits on the westeatiey wall in Glen Chaorainn have been
deposited by meltwater streams flowing through tthe channels that cut the interfluve
from Glen Fionndrigh. This implies Glen Banchor metruding into Glen Fionndrigh was
thick enough to supply meltwater to scour theseohk. At the same time, the ice surface
of the Glen Chaorainn glacier must have been loaugh to allow deposition of the
glacifluvial sediments (Figure 4.5 & Figure 4.20)any water was impounded within a
lake at this time, no evidence remains of the lakelf. Postglacial channel and river
incision has subsequently modified this deposib intiges that have previously been

interpreted as eskers (Young, 1978; Trelea, 2008).

The separation between ice in Glen Banchor and 8Hlach is marked by the ~60 m
thick lacustrine deposit. Towards the end of theel2evensian, as the Ballach glacier and
the Banchor ice lobes retreated, there existed stape route for meltwater and so it
ponded in the area between the termini to formoglpcial lake. The flat top nature of the
deposit and the presence of dropstones in the ttaweigleposits is consistent with this
interpretation. The two ice-marginal meltwater atels that extend northwards along the
western valley wall are likely to have been parthaf inflow to the lake (Figure 4.12). This
deposit was considered by Young (1978) to be amreaksociated with the meltwater
channels at 730 m OD on the west col and 550 m ©ihe east col (Figure 4.5), implying
formation when ice was flowing west to east and afakeast 400 m thick. However, the
presence of dropstones in the fine sands of thestane deposit indicates a low energy
environment that is not compatible with the highadient (~30%) of the proposed
subglacial channel. Alternatively, Merritt (1998nhda Trelea (2008) argued for its
deposition as a moraine of Glen Banchor ice, whioh, retreat, resulted in the
impoundment of a lake. Another interpretation wasig by Gyte (2004) who argued for
deposition as a moraine by south flowing Glen Rhllace. However, the morainic
interpretations are difficult to reconcile with themtirely lacustrine stratigraphy of the
deposit and | found no evidence of lacustrine sedisiin stream sections south of the
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main deposit and no evidence of a morainic plugrd@Ney against which any lake would

have impounded.

At this stage, ice to the south in Glen Ballach nhase been sufficiently thick to obstruct
water from the retreating higher glaciers fromltrditing within/beneath it or spilling over

the terminus (Clapperton et al., 1975). The recanstd ice limits (Figure 4.20) show
Glen Ballach to accommodate a lake, which was ffech fthe two meltwater channels on
the western valley wall and drained towards GlemFRdrigh over the eastern col, incising
it in the process. Similar situations have beernudwnted during the deglaciation of the
Spey Valley with ice-dammed lakes forming betwebe tegional ice and the local
glaciers (Brazier et al., 1998; Golledge, 2002).

Within Glen Banchor, lowering of the ice dam allalMaeke water to be redirected along
the Glen Banchor ice margin, cutting meltwater cteds at 400-450 m OD south of Creag
Liath and Carn an Leth-choin. The lake survivedluhe Glen Banchor ice thinned and
retreated sufficiently to remove the ice dam atalaivater to exit to the east along the ice

margin.

Meltwater produced during the detachment of SpendBor and Chaorainn ice deposited
glacifluvial landforms at the southern end of G@&maorainn implying that ice surface was
at least 400 m OD (Sidhean Mor Dail a’Chaorainn 89 Figure 4.5 & Figure 4.6). The
pattern of deglaciation indicates that thinningasf was associated with the formation of
the north-east trending eskers by the Spey ice iobeh occupied the wider area of
eastern Glen Banchor (Figure 4.7). The southernmsisér ends abruptly at the Calder
Gorge indicating that the gorge was formed after ¢éisker. Deposition of glacifluvial
landforms at the southern end of Glen Chaorainwéxmt the three differently sourced ice
masses of Spey, Banchor and Chaorainn, suggestsndmiing of Glen Banchor ice and
retreat of ice in the valleys (Figure 4.20). Dowstuag to an elevation of 400 m would
also suggest that the moraine deposition at A wetoGlen Lochain (Figure 4.5) was
constructed by Glen Banchor ice as a lateral meraam interpretation at least partly

supported by its arcuate shape into Glen Lochain.

In the upper part of Glen Chaorainn, the sedimafttttiins considerably and a wide basin
stretches towards the headwall. Trelea (2008) arg¢juat the flat basin may be due to ice
scouring and removal of the Late Devensian sedinehiring the YD readvance.

However, the hummocks on the basin floor are netrésult ofin situ melting of ice at the
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beginning of the Holocene, but were likely creabgdneltwater emanating from ice on the
plateau above the western side of the corrie, dipgpsediment and subsequently eroding
it to produce these elongated mounds. The finalagegion phase of Late Devensian ice
in Glen Chaorainn is represented by boulders omitlges on the upper east side. One of
these ages (11.6 £ 1.0 ka) is younger than the otfeeages. This is a low relief boulder
and is suspected to have been uncovered or ovedury post depositional processes.
Moreover, there is no evidence to suggest depasitioring the Younger Dryas ice
advance and only outwash and till deposits rel&teitie LGM ice sheet deglaciation are
present at this site. We interpret the 16.2 kaasgythe initial stabilization of the till cover
and the 14.1 ka age as an indicator of periglaadivity on the deposit. Given the
uncertainty associated with these exposure ddteswio ages are statistically the same and
the deposition of the boulders during the LGM degioon is supported by the
geomorphological evidence. If the younger age (1160 ka) is excluded, the mean value
of the other two ages is 15.1 + 1.4 ka, older timast of the dates from elevated position
in the other valleys. The exposure ages providearmmm date for the disappearance of
ice from this site and suggest that this site iarf3Chaorainn escaped glaciation during the
YD (Figure 4.20), in agreement with basal radiooarbges from nearby Loch Etteridge at
ca. 300 m OD (15.3 ka BP) (Figure 4.21). This preslahe rapid warming related to the
Windermere Interstadial of ca. 14.7 — 12.9 ka BB @nconsistent with ice sheet retreat
before the rapid warming at 14.7 ka BP (Brooks Rinkis, 2000) and coleopteran evidence
(Atkinson et al., 1987).

One landform in Glen Banchor that remains to beudised is the ridge of stratified gravel
and sand lying at 362 m OD that has been previdostypreted as a Late Devensian esker
thought to have formed during the continuous westwetreat of the Banchor ice (Young,
1978; Gyte, 2004; Trelea, 2008). Morphologicalllge tridge appears long and sharp-
crested with sediments exposed in a section erdyethe River Calder, suggesting
glacifluvial deposition with associated deformati@bated either to ice overriding or the
subglacial infilling of small channels. A mean agfel3.1 + 1.3 ka produced from two
boulders on top of the ridge indicates the bouldeave been exposed since the
Windermere interstadial (14.7 - 12.9 ka BP; Lowalet2008) (Figure 4.21). As the ridge
lies very close to the elevation of several nearfloyial terraces (365 m OD), the
interpretation favoured here is that the featuradeed a glacifluvial deposit but that it is
an eroded remnant of a more extended glacifluvisivash plain that covered the low
lying area of Glen Banchor following deglaciatidmteral incision of the outwash plain by

the River Calder throughout the Lateglacial andddehe has imparted the illusion of a
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sharp-crested ridge. The exposure ages indicatdirtiee since exhumation of the two
boulders from sediment. The extent, thickness atdra of the sediments suggest that the
wastage of ice produced an extensive outwash p@laithe end of the Late Devensian
glaciation (Young, 1974; Gray, 1995).

4.7.2 Younger Dryas

The only subsequent period of severe cooling in Mmnadhliath Mountains is the
Younger Dryas (YD), a period that saw the formatadrcorrie glaciers and, possibly, a
thin plateau ice field. The YD limit of the glaciar Glen Lochain is indicated by the
deposition of moraine B at 11.8 + 1.1 ka BP (Figd®). Thereafter an intermittent retreat
of the glacier towards higher ground is marked lpyrame C. Towards the close of the
YD, a series of recessional moraines and meltwatannels were formed in Corrie Dubh
where the mean ages of boulders indicate that & ia& free by 10.6 £ 1.0 ka BP. This
exposure age is in good agreemeith dates derived from a kettle hole in the Palss o
Drumochter, where deglaciation had occurred be®ai@5 + 260'C yr BP (ca. 10.5 ka
BP; Figure 4.21) (Walker, 1975; Benn & Ballanty@805); the calibrated age is ca. 10.6 +
745 kcal BP using the OxCal v4.1.7 (Bronk Rams&1,0}. The ridge above Loch Dubh
coincides with the upper YD drift limit and it i®gsible that the glacier margin coincided
with a structural bench, so that the boulder riflgened as a lateral moraine. Golledge
(2007) argued that moraines can be bedrock corédray show alignments similar to the
structural trend of the underlying strata. The lkdtiblocky till in the plateau above Loch
Dubh indicates local ice stagnation at the enchefYD. The existence of two phases of
ice decay at the end of the YD was noted by Beral. €1992), Bennett & Boulton (1993)
and Benn (1997) and interpreted as an initial plodsetive deglaciation due to a fall in
precipitation with interrupted retreat of ice, fodled by an abrupt rise in air temperature

(Atkinson et al., 1987) resulting iminterrupted retreat aridcal ice stagnation.

During the Younger Dryas stadial, the glacier iriGBallach reoccupied the area north of
the Late Devensian lacustrine deposit. The heighthes deposit and the lack of
geomorphological evidence downvalley suggest thad did not advance further
southwards beyond the lake deposit. The mean atgéned from two boulders on top of
the lacustrine deposit indicates the time of tdeposition at ca. 11.2 £ 1.1 ka (n = 2). The
flatness of the lake feature does not support extiom of the boulders that lie on its top

surface and the exposure age of the boulders sisggelsequent deposition. The most
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likely explanation is for YD ice to have abuttecethorth side of the pre-existing lake
deposit and the boulders to be subsequently depoby meltwater transport from the
near-by ice margin. A series of recessional morainere formed during glacial retreat,
with a boulder from the southernmost (E) produangean age of 11.0 £ 1.0 ka (n = 2).
Further up valley, boulders from a series of boyidecessional moraines yielded a mean
age of 9.8 £ 0.9 ka (n = 2), constraining the tignof moraine stabilization. The wide flat
basin towards the corrie delimited in the soutrsbgcessive moraines may imply that the
YD glaciers excavated any previous deposited debrikis area and incorporated it into
the moraine sequences at lower altitudes (e.g. Beah, 2005).

The uniform pattern of moraines in Glen Lochain &lén Ballach, strongly suggests
active glacier retreat at the end of the YD. Thikeyaglaciers deposited moraines that are
now somewhat discontinuous across the valleys dl&tér fluvial erosion. The moraines
in Glen Lochain and Glen Ballach have typical Y@dsal forms being arcuate down-
valley, narrow, often sub-parallel nested ridgesseced in large, locally derived boulders
(Sissons, 1979b; Benn et al., 1992) separated btyvater channels. The consistency of
the moraine ages in both valleys suggests syncheofarmation and rapid ice decay,
likely due to a rapid rise in summer temperatued thtas been demonstrated elsewhere by
subfossil assemblages of coleoptera (Atkinson.etl8B7; Coope, 1998) and chironomid
evidence (Brooks & Birks, 2000). However, the alg difference of ca. 50 m between the
glaciers termini in the two adjacent valleys (mneaB at 470 m OD and the lacustrine
deposit at 520 m OD) suggests two coeval glaciedifferent size. Benn & Ballantyne
(2005) and Gordon et al. (1995) suggested thatcadfjavalley glaciers can behave
differently in similar climatic conditions and thusay vary significantly in size, shape, and
altitude. In this part of the Monadhliath Mountaithere are at least two environmental
factors that may have influenced the YD glaciensstFthere is a significantly greater
plateau area to the north and west above Glen lim¢han above Glen Ballach and so the
mass balance of the Glen Lochain glacier will hbgen favoured by snow blowing from
the greater plateau source area to the west, augthby snow from its own relatively flat
western interfluve, similar to the effects mentioity Sissons (1980) and Mitchell (1996).
The Glen Ballach glacier was down-wind of this aadgmented by lower snow
contributions from its narrow western ridge. Secahé Glen Lochain glacier was fed by
ice flowing from two corrie accumulation areas thaalesced down valley to form a long
valley glacier. Both of these factors contributedtie Glen Lochain glacier extending to
lower altitudes than the Glen Ballach glacier dgriime YD.
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Comparing the four glens, the western glens aretlynosvered in till, while the eastern
glens have thicker outwash deposits. The genecil ¢d YD evidence in the eastern
corries and glens strongly suggests that they escaD glaciation. For example, Glen
Fionndrigh has no evidence of YD glaciation as\taey floor is covered in thick Late
Devensian outwash, deeply dissected by streamoerddummocky deposits suggest rapid

retreat of Devensian ice towards the plateau, plysduring the Windermere interstadial.

The glacially moulded bedrock knobs on the platedge provide a YD mean age of 11.8
+ 1.1 ka (n = 2) which may be interpreted as itaased along the plateau edge. The
smoothed and rounded tops and asymmetric north-goofile of the bedrock outcrops at
the plateau edges suggest ice flow over the cardges from the plateau above.
Additionally, the nearby Coire na Caillich on thestern side of Glen Chaorainn, at ca.
750 m OD elevation, contains no frost-shatteredensdtbut glacially moulded surfaces
and a reverse slope which indicates ice cover duha YD.

4.8 Younger Dryas ELA reconstruction and

palaeoclimatic implications

In order to reconstruct the palaeoclimate of thendtthliath Mountains during the YD
glaciation, the equilibrium line altitudes (ELASkaderived for comparison with data from
other places in Scotland. A range of ELA reconsitoncmethods are available and three of
these are used here for comparative purposesirélenseighted mean altitude (AWMA),
the accumulation area ratio (AAR) and area altitbdlance ratio (AABR) methods (see
3.5).

For ELA calculation in the Monadhliath Mountainsetlvalley glaciers were treated
separately from any ice on the plateau, so the kales must be seen as minima. Ice
surface limits were constructed on the NEXTMap DEdMowing the estimation of the
hypsometric curves of the glaciers, the measurenoénthe glacier areas and the
calculation of the palaeo-ELAs using the three mésh(Table 4.2). The AABR method
yielded consistent ELAs which rose from 643 m a8€l 6 in the western valleys to 809 m
in the east, lower than previous estimates (Siss®80; Trelea, 2008), and indicating a
strong decline in the snow input eastwards. ThgelaGlen Lochain glacier appears to

have benefited from a lower ELA, attributed to sn@ecumulation in both feeder corries
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(Coire nan Laogh and Corrie Dubh; Figure 4.5) andae extensive snow-blow source
area on the plateau. The reconstructed Glen Baligatier had a higher ELA than the
glacier in Glen Lochain and the east-facing ComeQaillich glacier higher still, but with
no ice in the main valley (Table 4.2). This patteomforms to a more general eastward rise
in ELA from west to east found in other reconstedkcicefields in Scotland (Benn, 1997,
Benn & Ballantyne, 2005), consistent with a steegcipitation gradient decreasing from
west to east that was more pronounced during tidiadtthan at present (Sissons, 1980;
Hubbard, 1999).

A steep precipitation gradient decreasing from westast occurred in Scotland during the
Younger Dryas stadial (Sissons, 1980; Hubbard, 1989 present, western Scotland
receives the maximum rainfall (4577 mm) whilst #s@stern part is more continental,
cooler and with less precipitation (550 mm) (Mefi€¥, 2011). ELAs in West Drumochter

Hills to the southwest of the Monadhliath are eated at 622-656 m (AABR) (Benn &

Ballantyne, 2005) whilst the ELAs of the two maiaders in the Monadhliath Mountains

lie between 643-689 m (AABR). The ice masses inGagngorms, 30 km east of the
Monadhliath lie higher than 750 m during the YounBeyas, thus the ELA was much

higher (Purves et al., 1999).

Table 4.2. Reconstructed equilibrium line altitudes (ELA) for the YD glaciersin Monadhliath
Mountains. AWM A = area-weighted mean altitude (Sissons, 1974); AAR = accumulation
arearatio (Porter, 2001); AABR = area altitude balance ratio (Osmaston, 2005).

ELA (m)
AAR AABR
Glaciers  Area (km?) AWMA 0.5 0.6 0.67 1.8 2.0
Lochain 3.10 670 620 600 647 643 639
Ballach 2.68 714 650 630 693 689 684
Caillich 0.20 819 770 760 811 809 807
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4.9 A plateau ice field in the Monadhliath Mountains
during the YD?

The Late Devensian ice sheet that covered the Muiagld Mountains left a geomorphic
signature that has overprinted much of the studg é&olledge, 2007). However, there is
also evidence that during the YD the Monadhliathyrhave supported an independent
plateau ice mass with ice flowing down into thebutary valleys to augment valley
glaciers. The SW-NE trending 20 kiplateau above the tributary valleys lies mainlgwab
800 m OD and certainly acted as a feeder areanfaw-blow but, due to an extensive peat
cover, there is limited evidence visible on thetgda to confirm ice presence during the
YD.

According to Manley (1959) and Sissons (1980), fona style glaciation in Scotland
would imply ice accumulating and flowing from thaltey heads. However, smaller YD
plateau ice fields have been reconstructed sepafaben the larger Highland ice cap in
the Cairngorms (Sugden, 1970; Brazier et al., 199&) Gaick area (Sissons, 1973), West
Drumochter Hills (Benn & Ballantyne, 2005), north®len Roy (Benn & Evans, 1998)
and Creag Meagaidh massif (Finlayson, 2006, 20D@¢se ice caps on the high plateau
feed ice via steep valley-heads to outlet gladierdie main troughs (Evans et al., 2002).
Depending on the basal regime of the plateau megeomorphological evidence may be
limited because there may be limited movement actbe ice-bedrock interface where
cold based ice occurs (Hall & Glasser, 2003). Oa tther hand, warm-based ice
streaming over the plateau lip is likely to produgignificant erosional evidence, as

indicated by the exposure ages from plateau edygelsa in this study.

Ice supply depends on a variety of factors. Gegllal al. (1989) argue that altitude
enhances nourishment of valley and corrie gladiesugh snow blow from the adjacent
slopes and ice avalanches fed from the plateamargin. According to Payne & Sugden
(1990), topography is a major control in distrilbatiof glaciers through shape and altitude
because it can influence snow and ice build-upartigular locations. Nevertheless, any
YD icefield in the Monadhliath Mountains appearsittve been small and dependent upon
favourable site attributes. The possibility that thestern corries accumulated more snow
and glaciers advanced further down valley thaneihstern ones during the YD could be
attributed to the larger plateau area towards thst \{Figure 4.5). Such a topographical
control is supported by Whalley et al. (1995) whaply that a plateau ice cap is very

sensitive to climate. Minor changes in the ice $yfmom the adjacent plateau icefield will
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be transmitted to the downvalley glaciers which walilange the climatic sensitivity of the

whole system according to their size (Whalley gt195).

The reconstructed ice field in the south-east ef Monadhliath Mountains (Figure 4.20)
broadly accords with the ice limits depicted by itefield and outlet glacier simulation of
Golledge et al. (2008). However, our geomorpholalgievidence and exposure ages
suggest a more extensive YD glaciation. The GlencBar glacier tributaries were likely
fed by outlet glaciers from an ice field occupyitite plateau. However, the lack of
geomorphological evidence on the plateau does howv aus to establish the overall
configuration of the ice mass, although convinawglence exists for ice flowing into the
corries (e.g. the scoured plateau edge of Coirelaagh, Corrie Dubh, Glen Ballach and

the YD ages in Glen Chaorainn).

The wastage of plateau icefields is characterisedipvalley retreat of outlet glaciers
towards the plateau. However, the recession of/éiiey glacier outlets is non-linear and
characterised by de-coupling events as the feemdalls thin and separate from the
plateau summit ice so that the plateau ice hasL#ndE its own, unrelated to the ELA of
the outlet below (Gellatly et al., 1989; Whalleyatt 1995). Gellatly et al. (1989) show
that the decline in the supply from the summit resreas leads to a rapid response in the
glaciers at lower altitudes until they begin toustjto a new ELA condition. Studies in
north-west Scotland indicate that during the YDc@#on, ice decay occurred on the
highest ground first, with decoupled ice in theleyd and corries surviving for longer
(Bennett & Glasser, 1991; Bennett & Boulton, 1993).

The rapid retreat of small outlet glaciers refletttsir sensitivity to climate change and
variations in the ice fed from the plateau, butirthhesponse is reflected by an elevation
change in the position of their ELA. Plateau icelds are more vulnerable to climate
fluctuations than downvalley glaciers because esraall elevation increases of the ELA
may exceed the maximum altitude of the ice fielch@lley et al., 1995). We suggest that
ice in the Monadhliath valleys survived as remrglatiers well after the feeder ice on the
plateau had decoupled and wasted away, hence timg yxposure ages in the valleys (e.g.
moraine F; Figure 4.13). No recessional morainesitoon the plateau such as those found
in Lake District (McDougall, 2001), but the mouldplhteau edge of Glen Chaorainn, the
presence of ice moulded bedrock knobs separatetifiylacial meltwater channels on the
plateau edge, the moulded edge of Coire na Caillind absence of sediments all suggest
warm-based ice flow over the plateau edge at ckal(Table 4.1). Ice from the plateau
above Glen Chaorainn seems to have reached thevakkadthout flowing over and hence
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no YD modification can be traced in the Glen its@lie stagnation of the Monadhliath
plateau ice field at or close to the plateau edggiven some support from individual
boulder ridges and spreads that lie on or clogbdmlateau edge (Figure 4.5). This may
indicate debris release on ice melt as the ice fieargin stagnated at the plateau edge at
the end of the YD. An alternative explanation isttithe boulder accumulations have
survived from the LGM glaciation under cold-basee. iUnfortunately, no exposure dates

of these boulders exist to allow refinement of éhigleas.

4.10 Conclusions

1. The glacial geomorphology of the Monadhliath Moumgaclarifies the final
downwasting and readvance pattern at the end ofDéneensian glaciation. A
proglacial lake developed between two glacier ternm Glen Ballach, similar to
other ice impounded lakes during the Lateglacial.{1- 11.5 ka BP). The
glacifluvial landforms show that the stillstand wiadlowed by ice thinning and
retreat. Field evidence indicates a subsequent yeuryas plateau ice field with
glaciers spilling southward into the glens. Thevactetreat of these valley glaciers

is marked by successive recessional moraines iwglséern glens.

3. Our surface exposure ages are consistent with ddtes from neighbouring areas.
The deglaciation of the Late Devensian ice shet@terMonadhliath Mountains
occurred at 15.1 ka, roughly at the same time aséar-by Loch Etteridge (15.3
ka BP). We place the retreat of the Younger Dryasigrs in the Monadhliath
Mountains between 11.8 ka and 9.8 ka at the emtldeoYounger Dryas period
(12.9 ka - 11.7 ka BP).

4. Equilibrium Line Altitudes (ELAs) for the main YD laciers in the valleys,
calculated using area-altitude balance ratios,edrfgppm 643 to 689 m OD in the
west and 809 m OD in the east. This west-eastaserés consistent with a linear
rise of the ELA during the YD in Scotland from wésteast which is attributed to
topographically controlled variations in snow sypprhis additional snow supply
may explain the discrepancy between mapped and IreddéD ice extent in the
Monadhliath Mountains, similar to that found foetBeinn Dearg massif further
north (Finlayson et al., 2011).
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5. The limited extent of glaciers and the formatioragflateau ice field during the YD
agree well with the independent Monadhliath ice iceerpretation of Golledge et
al. (2008); however, the exact extent of the plaiea cannot yet be established or
dated.

6. The distribution of surface exposure ages and tiative chronology of the
mapped glacial features yield a coherent deglacighattern across the south-east
part of the Monadhliath Mountains, and fit well vithe wider climatic gradients

across Scotland at that time.

Delia M. Gheorghiu 2012 Page 80



Chapter 5

Romania



Chapter 5 Romania

5.1 Introduction

This chapter focuses on the reconstruction of gfaextent and dynamics, and the
deglaciation pattern in the Rodna Mountains. Ttegeeno glaciers in these mountains at
present; however, perennial snow patches perssietiered areas. The Rodna Mountains
are part of the central Mesozoic-crystalline bdltnorthern Romania (Figure 5.1), the

nature of these rocks helped to preserve an extegfacial landscape.

a. Rodna
Mountains

b. Romania

420 480 540 600 660 720 780 840

Figure 5.1. Position of the Rodna Mountains in th&omanian Carpathians. Digital elevation models
from the ASTER (a) and SRTM (b) imagery data (NASA,2004).
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5.2 Rodna Mountains

5.2.1 Geographical position

The Rodna Mountains, located in northern Romanigufgé 5.1), are dominated by a
central west to east oriented ridge with elevatiohap to 2303 m. They are bordered to
the north by the Maramuyéountains, and decrease in altitude towards thee@d Mare
valley, which separates them from the Bérd/lountains in the south. They are bordered

by theTibles Mountains in the west and the Suhard Mountairteereast (Figure 5.2).
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Figure 5.2. Position of field area in the NW part 8Rodna Mountains. Modified from various sources.

5.2.2 Climate

The position in the Eastern Carpathians and thatively high elevation of the Rodna
Mountains helps create a distinctive local climdiee Rodna Mountains are located in the
transition area between western oceanic air mamsésthe drier continental influences

from the east. The east-west orientation of thenmidige creates a topographic barrier to
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the southward movement of cold air masses origigatn the Baltic. Mean annual
temperatures in the Rodna Mountains range betwke&n°€ above 2200 m, 0 °C at 2000
m alt, ca. 2 - 2.5°C at 1650 m at the upper lirhfiooest on the northern slopes, and 6-7 °C
in the valley bottoms at <1000 m altitude and at€ lower on the north side of the
mountains than on the south side (Coldea, 1990itB02005).

Dominant moisture bearing winds originate in thetmeest (Mindrescu et al., 2010).
Precipitation shows a significant altitudinal geati and ranges from ca. 750-800 mm/yr at
the foot of the mountains (mostly rain) to ca. 1:2@8@0 mm/yr at mid altitudes, and over
1400 mml/yr in the highest areas of the mountaimecipitation is strongly seasonal,
falling predominantly during the summer with a mmgim in January (66 mm). Snow fall
occurs on the highest summits from September aod sover is maintained at altitudes
over 1800 m from November to June, with snow benragntained in many sheltered areas
until July and perennially in favoured spots (PNN2RQ6).

5.2.3 Geological structure

The Rodna Mountains are composed in the centreystatine rocks dominated by schists,
crystalline limestone, ortho- and paragneissespesgines, amphibolites and quartzite
surrounded by a discontinuous belt of sedimentamgkg comprising limestone,
conglomerate, sandstone, marl, philites and acgilas-sandstone (Figure 5.3). The
crystalline-sedimentary contact is rectilinear hahd south of the mountains, due to two
major faults. Neogene dykes, sills and necks (iitgjallacite, andesite, breccia, granite and
to a lesser extent basalt) appear mainly in théhgon and south-eastern part of the Rodna
Mountains along the Somd Mare river. The crystalline core of the Rodnauitains has

a general monoclinal position, with a NW-SE ori¢iota, dipping SW. This results in a
strong cuesta form, especially in the eastern parthe mountains. Intensive folding
occurred during the Stiric orogenesis resultinghi@ sedimentary rocks being folded into

synclines and anticlines (Sircu, 1978).

The Rodna Mountains are an asymmetric horst boubgedde Rodna (Dragevoda) fault
in the north and the Soméault in the south. The north-south asymmetryhef Rodna
Mountains is due to the fact that the Rodna faattues much closer to the main W-E

ridge, compared to the Sognfault. Thus the northern slopes are shorter ance rabrupt
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than the southern ones (Sircu, 1978) and the raonthsouth draining valleys are deeply

incised.
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Figure 5.3. The geological map of the Rodna Mountas, sheets 20a Pietrosul Rodnei and 20b Ineu
(Geological and Geophysics Institute of Romania).

5.2.4 Earlier investigations in the Rodna Mountains

The Quaternary glaciations in the Rodna Mountai@wvehbeen studied by many
researchers as summarised by Sircu (1978). In 183imann identified the Lala cirque
and glacial valley, and the moraine blocking a lak&820 m altitude (Figure 5.2). Based
on the pattern of moraines on the northern slo@egcki (1912) concluded that a single
glaciation occurred with three stages of retreat.léng it was thought that the Quaternary
glaciations affected only the northern side of Rm@lna massif, though Sawicki (1912) and
Morariu (1940) noted several small cirques on theltsern flanks. Sawicki tried to explain
the uneven cirque distribution as the result ahalic differences, with glaciers forming
extensively on the northern slopes due to the migh®unt of precipitation. Sircu (1978)
argued that the southern cirques are caused bgrsdasiow accumulation and not by ice
because of the absence of hollows for snow to auataten to sufficient depth. He

considered that winds played a more important inolesnow accumulation than the
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orientation of the slopes. A similar scenario wesppsed for the Southern Carpathians by
de Martonne (1924) who noted more glaciated valtayshe southern slopes than on the
northern ones and attributed this to western masbearing winds from the Atlantic, on

the assumption that the direction of the dominantw are likely to have been the same as
at present. Today the dominant source of humidityRomania is the Atlantic Ocean,

hence west and northwesterly winds were thoughtawee brought greater amounts of
precipitation to the northern slopes of the higimauntains, rather than the south (Romer,
1906 in Sircu, 1978). Lack of precipitation on gwmuthern sides was caused by the féhn
effect of these winds explaining the relatively mm@bundant glaciated features on the

northern slopes (Sawicki, 1912).

Sawicki (1912) identified a series of moraines @ & altitude in the Repede valley (on
the northern flank) (Figure 5.2) as indicators lné glaciers maximum extent. His work
was continued by Lajos (1927) and Krautner (19@@) found a latero-frontal moraine in
the Bila valley (Figure 5.2) which suggested thattlee north-eastern side of the Rodna
Mountains the glaciers descended to only 1350 ituddt. According to Pawlovski (1936),
at the maximum advance, ice extended to lowerudkis than previously suggested. He
identified a latero-frontal moraine at 762 m in #ietroasa valley (Figure 5.4).

Sircu (1978) suggested three hypotheses regardendpst Quaternary glaciations in the
Rodna Mountains: 1) three glacial cycles (Mindeg§SRWurm), 2) two glacial cycles (Riss

and Wiurm) and 3) a single glacial cycle with thségges, similar to Sawicki (1912). His

assumptions were based on the fact that three ssiceemoraine deposits were found at
different elevations in several valleys and eachame was related to different (undated)
periods of deposition. The existence of lateroabmoraines indicates an approximate
glacial extent, though no evidence unequivocalliindées the maximum extent. It also

allowed the calculation of the equilibrium lineiaitle (ELA) position corresponding to the

time of deposition of these moraines. The calooitetiby Sircu (1978) indicate that the
ELA was situated at 1550 m in the first phase,&0lm in the second and at 2000 m in
the last phase. An alternative to progressivelyllema&e extent was the possibility that the
second advance of glaciers was more extensive aadanm the earlier moraines, but the
evidence for this is insufficient. Sircu (1978)igted that the last glacial advance was
restricted to cirque glaciers and attributed tbisatshort duration cooling event, the first

indication of a possible Younger Dryas event inRoeina Mountains.
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5.3 Study area

The study area (~50 Kinis situated in the northwestern part of the Robttwuntains
(Figure 5.2). It comprises the two cirques @hdaga and lezer draining into the Pietroasa
Valley, and the Buiiescu glacial complex with four smaller cirquesiuili, Curnitura,
Rebra and Buhescu Mare draining into the Repede Valley (FigGré & Figure 5.5).
Compared to other areas explored in the Rodna Nmsjtthe study area has the greatest

variety of erosional and depositional glacial lardis.

Buhaiescu glacial
complex

lezer & Zanoaga
cirques

Pietroasa
Valley

Repede Valley

Borsa

Figure 5.4. Orthophotomap of the study area overlaid on a 3D surface.
The image terminates at 700 m altitude.
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Fieldwork was carried out between 2303 m and 7Qftitude, restricted in the lower half
by the town of Baga which spreads towards higher altitudes (~900 md) tae extensive
forests (up to 1700 m altitude) which limited rematensing and restricted access to
certain areas, especially in the Repede valleyuEidh.4). The field area includes five
summits with altitudes over 2000 m, situated on mh&n ridge: Pietrosul (2303 m),
Buhiiescu (2268 m), Curatura Bukiiescu (2225 m), Rebra (2119 m) and GlzaRebrii
(2055 m) (Figure 5.5). Ridges, extending from treemmidge, separate the cirques.

5.4 Geomorphology of the study area

Although this study is about past glacial activapd the climatic implications, the
landscape of the Rodna Mountains is the resultapious earth surface processes. Each
produces a distinct morphology which is subseqyeaitered as the landscape evolves.
Therefore, the following geomorphological descops include details of all findings in
each cirque and valley.

Generally, the relief of the study area has beerifled by glaciers as shown by
characteristic overdeepened valleys and glacigies, many of them occupied by lakes.
Most of the glacial valleys on the northern slopéshe Rodna Mountains are obsequent,
with stepped longitudinal profiles (Figure 5.13)irqhie walls are dominated by talus

slopes.

Various glacial erosional and depositional featesfound at the bottom of the cirques
and along the valleys together with periglacialdfanms such as tors, talus, rock chutes,
boulder fields, protalus ramparts and nivation egfFigure 5.5).
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Figure 5.5. Geomorphological map of the study ared.he map of the northern (Figure 5.10) and the
southern cirques (Figure 5.16) with the draining vlleys are presented separately in the next pageshd&
map can also be found in Appendix C.

Delia M. Gheorghiu 2012 Page 89



Chapter 5 Romania

5.4.1 Zanoaga Mare cirque

Zanoaga Mare is the westernmost cirque in the studya and has a north-eastern
orientation. It is a long, relatively narrow cirquéth a concave amphitheatre shape in the
higher part and opens out at about 1650 m (Figusg Fhe highest peak of the Rodna
Mountains, Pietrosul rises to 2303 m at the tophefcirque back wall. The back wall is
almost vertical for ca. 400 m, but is cut by selvevak chutes which feed the lower talus
cones, the largest of which lies in the south-@ast of the back wall. A deep, almost
vertical, rock chute on the western part of the esavall is 250 m long and feeds another
talus cone (Figure 5.5).

The back wall of this cirque continues into two @widges: the Turnu Ra in the north

and Piciorul Mgului in the south. The Turnu Re northern ridge progressively decreases
in elevation towards the north-west part of thejue& where it encounters the only red-
coloured limestone found in the field area. Thisdstone has been intensively modified by
frost-shattering into rock towers that are sevegat of metres high. The upper part of the

side walls are mostly rock, terminating in screxpsk.

Figure 5.6. Zinoaga Mare cirque. Dashed lines indicate the two maines (see Figure 5.10).
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Sarampin valley

o Qi * AL 1N A1s0,

Figure 5.7. The lower moraine (1750 m) and part ahe upper moraine (1800 m) in the Znoaga Mare
cirque (see Figure 5.10).

Piciorul Maosului is a rugged NW oriented ridge, separating Zheoaga Mare and lezer
cirques. Towards the north-east, the side slodigpt and covered in rock debris at ca.
1950 m, whilst towards the mouth of the cirque shte slope and the top of the ridge is

extensively vegetated with Pinus Mugo. Several éarur on the ridge (Figure 5.10).

Figure 5.13 shows the long profile of the cirqueat&us ramparts occur in the highest part
with no evidence suggesting boulder transport gy tiw these features. However, the
bedrock step in the upper part at 1950 m altitédguie 5.6 & Figure 5.10) is ice moulded
and covered in bouldery deposits left by the lastmass that occupied this cirque. The
lower two steps at 1800 and 1750m, although preWounterpreted as structural steps
(Sircu, 1978) are in fact two recessional morathes have a rounded shape, a steeper ice
proximal side and are composed of boulders. Thé I8Mltitude moraine extends from
the west wall in an arcuate up-valley shape (FiguB). The lower moraine, at 1750 m
elevation, stretches across from the TurnguRwdge to the Piciorul Maului ridge and is
bisected by a stream (Figure 5.7). Some of thedawsl(ranging in size from about 2.5 m
to 4 m above ground) on the moraines suggest aglagral transport mechanism, as the
side-walls are too distant for rockfall. Other shimuldery deposits were abandoned by
ice as ground moraines when ice ablated in thepiei(Figure 5.10).
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Unlike other cirques in the study are@ndaga Mare has a smooth transition to the lower
valley, with only a small bedrock step marking &l of the cirque.

R
P

Figure 5.8. lezer cirque (see Figure 5.10).

5.4.2 lezer cirque

Similar to Zinoaga Mare, the lezer cirque is a steep-walled@elar trough-like basin,
which gradually opens toward lower altitudes (Feg6r8). Although with the same NNE
orientation as Znoaga Mare, the topographical details are verefit. The lezer cirque
is delimited by the Piciorul Maului ridge separating it from thea@oaga Mare cirque in
the NW and the long, rugged Pietrele Albe ridgéhm SE (Figure 5.10). The back wall of
the lezer cirque is almost entirely covered withivactalus cones composed of various
sized boulders (up to 2 m in length). Frost shattetebris slopes cover the rest of the NW
wall, but they are stabilised by vegetation exdepta few active areas. The eastern side
wall consists mostly of steep cliffs which genelatgted debris, especially in the northern
part due to the presence of limestone.
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In transverse profile, the lezer cirque has an deepened “U” shape with two steps
evident in the longitudinal profile (Figure 5.13)he higher step is located above Lake
lezer at ca. 1900 m, covered mostly in frost-shadtedebris, and a series of roches
moutonnées (2-5 m in length; Figure 5.9) with $itvizs and grooves preserved along the
flanks (Figure 5.11). A steep cliff separatesainfrthe cirque floor and Lake lezer at 1825
m.

Figure 5.9. Roches moutonnées in the upper part ttie lezer cirque (Figure 5.10).

Evidence for glacial scouring, other than the rech®utonnées, is indicated by the lake
basin (Figure 5.8) and large areas of glacially leed bedrock on top of the second step at
the northern end of the cirque (Figure 5.12). Tatnvended vegetated bedrock ridge on the
edge of the step (Figure 5.8), curves up valleyidothe former glacier terminus. This
step drops more than 200 m down to the lower vallegure 5.13). Most of the cirque
floor is occupied by a 538 m long and 100 m widiatn moraine. Several large kettle
holes (up to 10 m diameter) occur on this moraswggesting in situ stagnation and
melting of ice in this cirque at the end of thet lgkciation. Elongated ridges curved by

drainage occur as talus slopes remnants on thereastle of this moraine (Figure 5.8).
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Figure 5.10. Geomorphological map of the NW part ofhe study area including the lezer and &Znoaga

Mare cirques and theSarampin and Pietroasa Valley.
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Figure 5.12. Glacially moulded bedrock above the lger step at lezer cirque (see Figure 5.10).
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Figure 5.13. Longitudinal profile of the cirques inthe study area generated from the DEM.

5.4.3 Pietroasa and Sarampin valleys

The Pietroasa valley extends to the northwesterh gdahe study area, and is the most
important access route to the mountain on the aoitside of Pietrosul (2303 m). The
narrow and deep valley extends from below the lostep in the lezer cirque at 1450 m to
where it meets th8arampin valley at 1100 m altitude. A large mediaraine separates
the two valleys (Figure 5.10). The moraine strescfog 550 m between 1300 m and 1650
m altitude and it is composed of a matrix suppodesnicton with various boulder sizes
and shapes (Figure 5.14).

The Sarampin valley has a low angled gradient with bekirsteps in the upper part but it
narrows and deepens between 1250 m and 1130 mng\l&deral moraine extends for
almost 4 km along the western side of §sampin and Pietroasa valleys. It starts as a
very shallow ridge from Turnu Ro and becomes narrower (up to 100 m wide) and highe
(4 — 20 m) lower down (Figure 5.15). Excavations lhoilding roads and houses have
revealed the composition of the moraine and confirat it consists of a matrix supported
diamicton with sub-angular boulders of various siZzEhe occurrence of the red-coloured

limestone from Turnu Rl throughout the deposit, and the clast morphotaggest ice
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transport. West of the lower end of t§arampin valley, before curving towards the
Pietroasa valley, the landscape contains more 30&m wide boulder spreads (Figure
5.10).

Figure 5.14. Medial moraine (dashed line) betweeni€troasa andSarampin valleys (see Figure 5.10).

Figure 5.15. Lateral moraine on the western side dhe Pietroasa valley (see Figure 5.10).
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Figure 5.16. Geomorphological map of the SE part ¢he study area.

Delia M. Gheorghiu 2012 Page 98



Chapter 5 Romania

5.4.4 Buhaiescu cirque complex

Buhiiescu is a wide glacial complex in the Rodna Mounstasimilar to the ones in the
Southern Carpathians of Romania (Reuther et a07R0t comprises four independent
cirques, Ruri, Curmatura, Rebra and Bualescu Mare draining into the Bailescu valley
and further down into the Repede valley.

Grohotu
2203 m A

Pietrosul
2303 m A

Figure 5.17. View of the Turi cirque from the east (see Figure 5.16).

5.4.4.1 Tauri cirque

Tauri cirque, located between the Pietrele Albe (stevbtones) ridge and the steep north-
eastern wall of Bufiescu (2268 m), is a hanging cirque with a NW-Sirdation (Figure
5.17). The southern side slopes @tiiii cirque are very abrupt in the upper part, wkile
northern slope is less steep and convex, makidgfitult to delimit the northern cirque
boundary. Almost the entire slope of Pietrele Abeovered by active, very angular, frost-
shattered material continuously being transporteanthill by creep and avalanches. In the
upper non-vegetated part, the in situ bouldersupréo 3 m in size (a-axis). Lower down,
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the boulders are partially stabilised by vegetatbRinus Mugo and Juniperus. Some have
been reactivated by fluvial erosion at the bash®flope.

Unlike other cirques in the Rodna Mountains, ttaIrT cirque has a very narrow short
profile with distinct steps (Figure 5.13 & Figurel®). There are 3 glacial lakes, each
situated on 3 different glacially moulded bedrotéps at 1896 m, 1868 m and 1819 m
(Figure 5.18). The crystalline limestone is cleaiilyible in the lower part of auri cirque
where it forms the final 140 m high step betwee@Ql8nd 1660 m altitude (Figure 5.17).

Glacial deposits, with distinct ridges cover the wf the final steep step at the south-
eastern end of the cirque (Figure 5.18). It is ¢lear if these ridges represent individual
moraines, or are the result of post depositiorsdibsation.

Figure 5.18. Tauri cirque with the Lakes Buhiiescu and moraine ridges (see Figure 5.16).

5.4.4.2 Curmatura (- Buhaiescu) cirque

The Curnitura cirque is situated in the central western pdrthe Buliiescu glacial
complex, south of Butlescu peak (2268 m) (Figure 5.16). Steep walldddtieg from the
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peak delimit this cirque on the northern and westde, while the south-eastern limit is
provided by the low altitude ridge separating dnfr the Buliiescu Mare cirque. Here the

glacier deposited the largest moraine in thedgegtu glacial complex. At its south-eastern
end, the moraine is composed of two ridges whiah g the moraine curves towards the
north around the former shape of the glacier (Fagbrl9). The ice distal part of the

moraine is steeper and higher than the proximal, @dpecially at the lower end where the
moraine has been incised by a small stream whidmnders on the flat inner part of the

moraine (Figure 5.20). The cirque’s floor is lochebove ~1850 m altitude. The moraine
ridge contains several kettle holes (up to 3 m iemeter). A meltwater channel was

incised into bedrock at the northern end of theaimar (Figure 5.16).

Buhaiescu Valley

Figure 5.19. Curmitura & Rebra cirques of Buhiiescu glacial complex (dashed line = moraine ridges

solid line = protalus rampart; red arrows = meltwater channels) (see Figure 5.16).

5.4.4.3 Rebra cirque

The former limits of the glacier are clearly markeg a long arcuate moraine; however,
there is a smaller ridge perpendicular to this nmeracreated by frost-shattered material

rolling down snow slopes in winter and spring (Feg%.19). This is confirmed by field
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observations as snow patches occur in these nigm@slate June — early July and this
process can still be seen, although at smallee shah in winter.

The moraines in both the Cuitara and Rebra cirques are very well preservedatitig
that they were deposited by the last ice massasottwipied the area. The streams that
drain these cirques join downhill and have incidezlsteep step between 1800 and 1680 m
at the lower end of the Custura glacial valley. At the level of this step, the southeast
side of the river, there is a 30 m wide and 10M@nylflat area (Figure 5.21). The bedrock
dips southwest hence the flatness of this area Ineayelated to a depositional process.
Based on the evidence, we cannot confirm if thénsewt was deposited as a kame terrace
by meltwater of the retreating glacier or as arriteerace.

atura cirque

Figure 5.20. Distal slope of the moraine in the Cumatura (- Buhiiescu) cirque (see Figure 5.16).

5.4.4.4 Buhaiescu Mare cirque

The Buliiescu Mare cirque is the largest cirque in the iglamomplex and is situated in
the south east part of the study area. It is dedinio the south by Tarai La Cruce (1985
m), to the east by the rounded ridge of Piatra Bubb(1696 m), and to the west by a
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small, subdued bedrock ridge which separates i fiioe western cirques (Cufitnra &
Rebra). Several intensively weathered tors aratgtlon the Piatra Buhoiului. The ridge
towards the Rebra and Cuttara cirques shows clear evidence of ice mould#sgecially

in the upper part where a roche moutonnée occurseldwater channel has deeply incised
this ridge when ice flowed over its top (Figure®.1The Bulliescu Mare cirque differs
considerably from the other cirques as it is vergenand shallow and therefore exhibits a
larger accumulation area. The cirque floor is cbimrgsed by large structural bedrock steps
separated by shallow gradient areas (Figure 5Rédbra Lake is located in one of these
areas (Figure 5.16). In the higher part of the u@tgan accumulation of mainly large
angular boulders occurs behind an ice moulded lbkdridge. This is interpreted as an
ablation moraine (Figure 5.16). This hypothesisupported by the presence of several
kettle holes. The lack of fine material in the dg&ipsuggests that the fine material has been
remobilised, partially filling the basin occupieg bake Rebra. Towards the west, a 28 m
long streamlined bedrock form is aligned to thenfer ice flow direction (Figure 5.16).
Further north, a shallow “U” shape valley was ewbderough the bedrock steps also

indicating ice flow on the same direction (Figur&&.

Rebra
Structural steps 2119

Tauri cirque
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In the lower north-west part of the cirque, stoag have been very well preserved on a

very smooth ice polished surface (Figure 5.22). Bokiiescu Mare cirque is separated

from the Buliiescu Valley by a 200 m high step.

Figure 5.22. Glacially striated surface at the loweend of the Buhiiescu Mare cirque (see Figure 5.16).

5.4.5 Buhaiescu Valley

Below the high step separating the Biglscu glacial complex from Bédlescu Valley a
large, flat-topped till deposit extends for 500 tong the northern valley side (Figure
5.23). Post-depositional fluvial erosion has renibtiee south-eastern part of the deposit
and incised 30 m below the flat upper surface efdéposit. It is not clear if all of the 30m
of relief on the deposit is till, or if it is a grad deposit over the bedrock. Two moraine
ridges descending from Pietrele Albe are locatexvalhe valley deposit (Figure 5.23).

The Buhiiescu valley is a deep glacial trough downstrearttheffour cirques that form the
Buhaiescu glacial complex. The trough extends for c&.Kin between 1600 and 1500 m
elevation where it encounters a lithological bougdaetween micaschists/paragneisses
and gneisses. Downstream of this boundary the dluehannel is dominated by
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knickpoints until another lithological transitiorofn gneisses to greywacke is encountered
at 1200 m elevation and the valley becomes morédped again and joins the Repede
valley (Figure 5.16).

Figure 5.23. Glacial landforms on the Buliiescu Valley. The dashed lines follow the crest ofo

moraines (see Figure 5.16).

5.4.5.1 Repede Valley

The Repede valley drains a substantial part of NW¢ area of the Rodna Mountains
(Figure 5.2). The valley is narrow, especially e tupper part where it is deeply incised
into bedrock. The only glacial evidence still presel in this valley are the boulders
scattered in the middle reach (Figure 5.16), wlikeeslope gradient becomes less steep
and the valley starts to widen. The boulders haisneters of up to 3 m and are
subrounded and rounded. In the lower part, the &epealley becomes very wide,
however, it is heavily inhabited and the land i#ticated. No glacial geomorphological
evidence was found here.
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5.5 Surface exposure ages

5.5.1 Sample sites and sample processing

Suitable sites for sampling were chosen both dutiregremote sensing process and then
verified on the ground during fieldwork. The abunda of quartz in the crystalline rocks
of the Rodna Mountains made sampling for surfaqeosdre analysis relatively easy. A
total of 43 samples were collected from glaciadlanms in Pietroasa valley (11), the five
cirques (26), the Buiescu glacial trough (5) and from a tor on the Ri&uhoiului ridge
(Figure 5.24). Samples were taken from glacial mes till deposits, striated bedrock
surfaces and a roche moutonnée. Sampling and saorgaessing procedures are detailed
in Chapter 3, Subheading 3.4. The calculated agertainties are expressed as ¢ 1
(Table 5.1). The exposure ages assume constansungphistory, no inheritance and no
erosion of boulders since deposition and thus tes ahould be regarded as minimum
ages. If erosion was taken into account, it wontmease the ages of the samples. The only
way to quantify bedrock erosion in the field areasvio measure micro-relief on quartz
veins where the maximum relief observed was 30 rameraged over the exposure
duration this would increase the ages by ~ 2.8 e&f83 ka exposure and ~ 2.6 % for a 10
ka exposure. However, the preservation of strigtiand glacial polish in the study area

indicates insignificant bedrock erosional loss sideglaciation.

5.5.2 Surface exposure ages

Table 5.1 presents the details of each sample hegetith the 43'°Be exposure ages

collected in the Rodna Mountains and the map (Eigu24) shows their location.
The tor sample from the Piatra Buhoiului ridge gesl an exposure age of 93.2 + 8.7 ka.

Pietroasa andSarampin valleys. Three large boulders (2-6 m a-axis) were sampieah f

the lowest elevation boulder spread on the wesiglm of the Pietroasa valley. The more
distinct lateral moraine ridge could not be sampled to anthropogenic modification. A
boulder embedded within a till cover of a bedroiige yielded an age of 37.2 = 3.4 ka.

One kilometre to the south and 100 m higher, aléng boulder composed patrtially of red
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limestone and therefore transported from TurnguR@ave an age of 36.6 = 3.3 ka. A

boulder in close proximity yielded an age of 33.3.& ka.

Eastwards and at lower elevation in the Pietroaaéey slope a boulder was abandoned at
26.6 + 2.4 ka. Another boulder on the western sidie lateral moraine in thgarampin
valley yielded an exposure age of 18.3 £ 1.6 kas€&htwo boulders indicate the retreat of
ice towards higher ground. A massive boulder ctdlgédrom the ice proximal side of the

lateral moraine gave an exposure age of 12.4 kd..1

Four samples were collected from large bouldersnf>&oove the surface) along a vertical
transect on the medial moraine crest betweenSdmrampin and Pietroasa valleys. In

ascending elevation boulder exposure ages aretl¥.6 ka, 15.7 + 1.4 ka, 16.4 £ 1.5 ka

and 17.2 £ 1.5 ka (mean of 16.7 £ 1.5 ka). A fitrartzite boulder, located at the highest
elevation on the medial moraine crest, and onlyci@0above the ground surface, gave a
younger exposure age of 10.5 £ 0.9 ka, not includede mean age.

Zanoaga Mare cirque.Samples collected from the moraines in tliacaga Mare cirque
gave exposure ages of 12.3 + 1.1 ka, 12.7 £ 1.1k& + 1.0 ka (mean = 12.1 + 1.1 ka)
from the lower moraine. Two boulders from the upmeraine were dated to 11.1 + 1.0 ka
and 11.3 £+ 1.0 ka (mean =11.2 + 1.0 ka).

lezer cirque. On the step below the lezer cirque glacially medidedrock gave an

exposure age of 13.4 + 1.2 ka. Boulders on thetiahlanoraine above the step yielded
exposure ages of 11.5+ 1.0ka, 13.1 + 1.2 ka @i 1.2 ka (mean = 13.1 £ 1.2 ka). The
younger age of 11.5 + 1.0 ka was produced fronmglesismall clast on top of the moraine
and is not included in the mean. It is likely tkti@s low relief clast may have been covered
for longer periods than the rest of the bouldetse Pplucked face of the rock step above
Lake lezer was sampled yielding 9.7 £ 0.9 ka a®d+90.9 ka (9.5 = 0.9 ka). The top of

the step, composed of several roches moutonnée® striated and grooved, yielded an

exposure age of 12.5 + 1.1 ka.

Buhiiescu valley.One boulder embedded in the surface of the laliggeposit along the
western side of Bulescu valley, just below the lowest bedrock stapldged an age of
15.8 £ 1.4 ka. Further upstream, towardsifT cirque, a boulder was abandoned at 13.4 *
1.2 ka. A further three boulders from a lateral amoe on the slope from Pietrele Albe
gave ages of 13.6 + 1.2 ka, 10.4 + 0.9 ka and#2.3 ka (mean = 13.0 = 1.1 ka).
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Tauri cirque. In the lower part of thealiri cirque, boulders from the two moraine ridges
above the final bedrock step have exposure ag#2.6f+ 1.1 ka, 12.8 + 1.1 ka, 125+ 1.1
ka, 12.5+ 1.1 ka (mean =12.4 + 1.1 ka), and #6l5 ka.

Curmatura cirque. The forked-moraine in the Custara cirque (Figure 5.16) yielded
exposure ages of 13.4 + 1.2 ka, 14.1 £1.3 ka, 2216l ka, 12.1 £ 1.1 ka, 13.2 + 1.2 ka
and 13.5 + 1.2 ka (mean = 14.3 + 1.3 ka).

Buhiiescu Mare cirque. The striated surfaces in the Bidgscu Mare cirque suggest that
deglaciation of this area occurred at 14.1 + 1.3kd further up-valley, the streamlined
bedrock form yielded an exposure age of 14.3 &.3
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Table 5.1. Sample characteristics;Be concentrations and calculated surface exposurages.

Lab ID Lithology =~ Sampled Lat ('N) Long Elev. Shielding  Thicknes8  Quartz mas [1%Be]® Exposure ade Mean ages
surface (’E) (m) (factor) (cm) (9) (x10*atom gt (ka) (ka)

Pietroasa Valley

RD 27 Gneiss Boulder 47.63 24.66 868 0.9984 4 @p6 24.55 38.63+£1.10 37.2+3.4(1.0)

RD 28 Gneiss Boulder 47.62 24.65 970 0.9952 5 @mp5 22.03 40.89+1.17 36.6 +3.3(1.0)

RD 29 Gneiss Boulder 47.62 24.64 1116 0.9931 3 (0.9751) 26.25 23.42 £0.65 18.3+1.6 (0.5)

RD 49 Gneiss Boulder 47.62 24.65 999 0.9951 2.5(0.9792) 46.69 38.93+0.78 33.3+3.0(0.6)

RD 50 Schist Boulder 47.62 24.65 969 0.9945 2.5(0.9792) 32.27 30.38 £0.96 26.6 + 2.4 (0.8)

RD 01 Gneiss Boulder 47.62 24.65 1108 0.9895 3 (0.9751) 25.28 15.77 +0.49 12.4 + 1.1 (0.4)
Medial moraine

RD 30 Schist Boulder 47.61 24.64 1379 0.9841 4 (0.9670) 25.11 16.32 £ 0.50 10.5+0.9 (0.3) (excluded)

RD 31 Schist Boulder 47.61 24.64 1344 0.9864 2 (0.9833) 25.66 26.93 £0.75 175+1.6 (0.5)

RD 32 Schist Boulder 47.61 24.65 1237 0.9882 2 (0.9833) 26.20 22.32 £0.63 15.7+1.4 (0.4) 16.7+15

RD 33 Schist Boulder 47.61 24.65 1170 0.9897 4 (0.9670) 24.38 21.70 £0.66 16.4+1.5(0.5)

RD 34 Schist Boulder 47.61 24.64 1245 0.9881 1.5 (0.9874) 23.73 24.70 £ 0.64 17.2+1.5(0.4)
Zanoaga Mare cirque

RD 02 Schist Boulder 47.60 24.64 1669 0.9454 5 (0.9590) 31.05 22.76 £ 0.66 12.3+1.1(0.3)

RD 03 Schist Boulder 47.60 24.64 1669 0.9454 2 (0.9833) 27.28 24.14 £0.68 12.7+1.1 (0.3) 121 +1.1

RD 04 Schist Boulder 47.60 24.64 1669 0.9454 3 (0.9751) 28.95 21.65£0.63 11.5+1.0(0.3)

RD 05 Schist Boulder 47.60 24.63 1753 0.9058 5 (0.9590) 24.36 1089+040 ~ 57:05(02) (excluded)

RD 06 Schist Boulder 47.60 24.63 1767 0.9330 2 (0.9833) 25.85 22.50 + 0.65 11.1+1.0(0.3)

RD 07 Schist Boulder 47.60 24.63 1767 0.9330 2 (0.9833) 24.24 22.83 +0.63 11.3+1.0(03) 11.2£1.0
lezer cirque

RD 08 Schist Bedrock 47.60 24.64 1801 0.9599 (O] 24.65 24.14 £0.77 11.5+1.0(0.3)

RD 09 Schist Boulder 47.60 24.64 1801 0.9599 4 (0.9670) 27.02 27.42 £0.79 13.1+1.2 (0.3) 13.1+1.2

RD 10 Schist Boulder 47.60 24.64 1801 0.9599 2 (0.9833) 25.11 27.92 £0.81 13.1+1.2 (0.3)

RD 11 Schist Boulder 47.60 24.65 1794 0.9679 3 (0.9751) 27.34 2851079 13412 (0.3)

RD 12 Schist ~ Bedrock  47.60 24.65 1898 09178  2(0.9833) 26.72 2745+0.72 155111 (0.3)

RD 40 Schist Bedrock 47.59 24.64 1908 0.7314 3(0.9751) 25.19 16.96 £ 0.50 m)

RD 41 Schist Bedrock 47.59 24.64 1908 0.7116 3(0.9751) 26.51 15.96 £ 0.46 9:3 : 0:9 (0:3) 95+09
Buhaiescu Valley

RD 16 Schist Boulder 47.58 24.64 1688 0.9683 2 (0.9822) 24.28 26.46 £ 0.75 13.4+1.2(0.4)

RD 17 Schist Boulder  47.58 24.65 1636 0.9872 3(0.9751) 26.48 30.24 +0.78 15.8 + 1.4 (0.4)




Lab ID Lithology Sampled Lat ('N) Long Elev. Shieldindg Thicknes®  Quartz mass [1Be]° Exposure agg Mean ages

surface (’E) (m) (factor) (cm) (9) (x10*atom gt (ka) (ka)
RD 18 Schist Boulder 47.58 24.65 1706 0.9834 3 (0.9751) 24.85 25.31£0.73 125+1.1 (0.3)
RD 19 Schist Boulder 47.58 24.65 1718 0.9834 1 (0.9916) 23.01 21.61 £0.63 10.4 £ 0.9 (0.3) 13.0+1.1
RD 20 Schist Boulder 47.58 24.65 1741 0.9834 2 (0.9833) 23.30 28.38 £0.80 13.6 £1.2(0.4)
La Tauri
RD 21 Schist Boulder 47.58 24.64 1864 0.9685 S5@09 21.90 26.38 +0.76 12.0+1.1(0.3)
RD 22 Schist Boulder 47.58 24.64 1847 0.9685 3 (0.9751) 24.47 28.15+0.81 12.8+1.1 (0.3)
RD 23 Schist Boulder 47.58 24.64 1842 0.9685 4 (0.9670) 24.97 27.32 £0.77 125+1.1 (0.3) 124+1.1
RD 24 Schist Boulder 47.58 24.64 1847 0.9580 2 (0.9833) 26.56 36.64 £0.97 16.7 £1.5(0.4) (excluded)
RD 25 Schist Boulder 47.58 24.64 1847 0.9580 4 (0.9670) 24.70 26.97 £0.79 125+ 1.1 (0.3)
Curmitura Buhiiescu
RD 26 Schist Boulder 47.58 24.64 1904 0.9984 3(0.9751) 23.58 31.69+0.88 13.4+1.2(0.3)
RD 35 Schist Boulder 47.58 24.63 1865 0.9818 3 (0.9751) 25.79 31.91+£0.94 141 £1.3 (0.4)
RD 36 Schist Boulder 47.57 24.63 1918 0.9818 2.5(0.9792) 25.91 29.76 £0.86 12.6 £1.1 (0.3) 131+1.2
RD 37 Quartzite Boulder 47.57 24.63 1957 0.9655 2.5(0.9722) 26.31 29.11 £0.80 12.2+1.1(0.3)
RD 38 Schist Boulder 47.57 24.63 1973 0.9737 2.5(0.9722) 26.80 32.27 £0.92 13.2+1.2 (0.4)
RD 39 Quartzite Boulder 47.57 24.63 1979 0.9857 2 (0.9833) 26.39 33.74 £0.98 13.5+1.2(0.4)
Buhaiescu Mare
RD 13 Schist Bedrock 47.57 24.64 1819 0.9937 2 (0.9833) 25.22 31.58 £0.93 141 +£1.3 (0.4)
RD 14 Schist Bedrock 47.57 24.63 1971 0.9932 4 (0.9670) 25.10 35.00 £1.00 14.3+1.3(0.4)
Obésia Rebrii torr
RD 15 Schist Bedrock 47.57 24.65 1943 0.9988 H({DY 23.13 220.55 + 13 93.2+8.7 (2.7)

®Shielding by distant objects computed after Durtred.€1999);

® Sample thickness correction using an exponengiatehse in production with depth assuming a rodisiteof 2.7 g crif and an attenuation length of 160g%rthickness correction
factor is given in the parentheses.

¢1%Be concentrations’BefBe ratios measured against NIST SRM 4325 with namialue of 3.06 x 16;

dExposure ages calculated using Cronus-E4BbE —%°Al exposure age calculator v. 2.2 (http://hessvessshington.ed)i/ They assume zero erosion, scaling factors aguptd Stone

(2000) and a spallation production rate of 4.4939atom (g Sig)*a’ (Balco et al., 2008). All exposure ages are giwith the systematical uncertainty and the analyticeertainty

in the parentheses.
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5.5.3 Discussion

5.5.3.1 Pattern of deglaciation in the study area

Previous investigations in the Rodna Mountains hehawvn that several glacial advances
and retreats occurred during the late Quaterndry, least extensive during the last
glaciation. However, this section then sets outdigcuss the field investigations and
surface exposure ages obtained from the Rodna Mmsnin the present study. This
should allow the palaeoclimatic environment in tpiart of northern Romania to be
reconstructed (Figure 5.24 & Figure 5.25).

The sample from the tor on the easternmost ridgbaeofield area was collected to test the
preservation of the landscape throughout the dlapisodes. The minimum exposure age
of 93.2 + 8.7 ka and its high degree of weathesunggest that the site escaped glaciation
during the Devensian maximum glacial advance (Edgu25). No glacial evidence can be
found on the tors or on the ridge and the nuclidlecentration is probably controlled by
bedrock erosion rates (Phillips et al., 2006). Buggest that at the maximum advance of
ice in the Rodna Mountains, ice height in the Bescu cirque did not reach the crest of
this ridge and must have been less than 200 m,ttiickbeing the difference between the

ridge and the cirque floor.

The glacial till deposits found in the Pietroasa &epede valleys, suggest a former ice
advance to low elevations of ca. 700 m altitudegyFe 5.24). It is likely that the ice
reached lower elevations than this but any eviddra® been obscured or removed by
urbanisation and cultivation. The area on the erestide of the Pietroasa valley is
scattered with boulders of various dimensions atlamation of ca. 800-1000 (Figure 5.10
& Figure 5.24). At the western interfluve of thialkey, the surface exposure ages from 3
boulders suggest deglaciation between ca 37.2 2 B.(Figure 5.24). As the glacier
tongue was gradually thinning to below the westdewall, boulders were abandoned at
about 26.6 ka (Figure 5.24). Once the main bodicefwas confined to the valley, the
glacier deposited a lateral moraine that stret¢bealmost 4 km along th&arampin and
Pietroasa valleys (Figure 5.24). The size and slapthis moraine suggests that its
deposition occurred over a long time (26-18 ka) Hredretreat of ice was quite slow. At
the lower end of th&arampin valley, a boulder sampled on the outsida af the lateral
moraine indicates a deglaciation age of 18.3 kgu(féi 5.24).
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As the ice retreated and separated into individtelmasses irgarampin and Pietroasa
valleys, the scoured material from Piciorul $dtui ridge (Figure 5.10 & Figure 5.14) was
deposited as a medial moraine between the two &sses. The exposure ages from this
moraine suggest this occurred at ca. 16.7 ka (ragah (Figure 5.25). The outlier age of
10.5 £ 0.9 from a boulder at the upper end of tlogame is interpreted as exhumed or
overturned post depositionally, possibly as a tesiuforestry operations nearby. The age
of 12.4 + 1.1 ka from a large boulder at the lolmit of this deposit appears anomalously
young and is likely to reflect post depositionahemation during the Younger Dryas (see
below).

As the two ice masses separated and the westeariergtatreated to theaoaga cirque,
locally derived material was deposited in the fahrecessional moraines, two of which
gave very consistent exposure ages, with the @ndrlower moraine being deposited at
ca. 12.1 ka, and the inner and higher moraine beinged before 11.2 ka (Figure 5.25).
The rest of the @&hoaga cirque consists of several small ground mesaivhich indicate in
situ melting of the ice in this part of the Rodnawitains. The young age of 5.7 = 0.5 ka
from the third boulder on the upper moraine suggtsit the boulder was overturned after
deposition.

The glacier on the Pietroasa valley retreated tdsvdhe lezer cirque and a glacially
moulded surface above the high step became expolé®ding deglaciation at ca. 13.4 ka.
The slower retreat and deglaciation of the Pietogiscier likely relates to the larger
accumulation area and the deeper lezer cirqueinTsieu downwasting of ice in the cirque
is evidenced by the presence of large kettle hmhean ablation moraine that extends for
more than half of the cirque floor length. Exposages from two boulders on top of the
moraine suggest deglaciation at ca. 13.1 ka (Figu®), whilst another small single clast
within 2 m of the boulders indicates deglaciatibd A5 ka (Figure 5.25). The sample was
a small clast derived from the top of a severelyatwered boulder suggesting post
depositional weathering and erosion, and thereidmever'®Be concentration. The last ice
in the southern part of the cirque retreated froexrbches moutonnées above Lake lezer at
12.5 ka (Figure 5.25). The cliff below the rochesutonnées (Figure 5.9) gave a mean
value of about 9.5 ka, and the interpretation fagdihere is that this cliff suffered intense
frost weathering and collapsed after deglaciat®ack slope failures are common after
deglaciation and are caused by pressure releasgeapce periglacial activity (Ballantyne,
1986; Jarman, 2006).
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Figure 5.25. Surface exposure ages of the bouldeasd bedrock samples from the study area plotted on
the 3D image of the orthophotomaps. The area coveatés the same as in Figure 5.4 & Figure 5.5, here
the 3D image has been tilted for a detailed view.
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Several glaciers from the high accumulation areb8uhiiescu and Negoiasa Mare
(Figure 5.2) flowed down the Repede valley. Tilpdsits and rounded boulders scattered
along the middle part of the Repede valley areenagé for the presence of ice in this area

during the last glaciation (Figure 5.16).

The Buhiiescu valley acted as the outlet for the cirqueshef higher glacial complex.
During deglaciation the tributary glacier froniuri cirque became disconnected from the
main valley glacier. The intervening space wasdilwith glacial sediments which are
preserved mostly intact on the western side of/#iley. Deposition occurred at about 15.8
ka as suggested by the age produced from a boeidbedded in the top of the deposit
(Figure 5.24).

The glacier emanating from the Biikscu glacial complex had split into individual ice
masses by 14-15 ka. Based on the sample fromestraitrfaces at the lower end of the
Buhaiescu Mare cirque and the streamlined bedrock forghmer up in the cirque were

completely deglaciated by 14 ka (Figure 5.25) leguehind glacially abraded structural
steps and an ablation moraine with kettle holes hiefd the last ice in this cirque (Figure
5.24). Final deglaciation in the Cujfitnra and Rebra cirques of the Bidscu glacial

complex occurred later at 13.1 ka (Figure 5.25).

In the valley immediately below the bedrock stepdiag up to Furi cirque a single
boulder was abandoned by the retreatiagril cirque ice at ca. 13.4 ka. The retreating
glacier deposited two moraines on the Babkcu valley on the northern slope from Pietrele
Albe (Figure 5.18). The mean value of two exposages from boulders on one of the
moraines suggests deposition at ca. 13.0 ka (Fi@r. A third boulder yields a younger
age of 10.4 ka. It is likely to have been exhummexinfthe deposit at a later stage. The
distribution of five ages from the two moraineghe Tauri cirque clusters around 12.4 ka
(Table 5.1). The older age of 16.7 £ 1.5 ka waslpced from a low relief boulder which
probably had nuclide inheritance, implying a pres@xposure to cosmic rays before the
last glacial advance, with last ice not eroding tbek surface sufficiently to remove the

pre-acquired nuclides.
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5.5.3.2 Glacial and climatic implications in the study area

The consistent distribution of the exposure agestha geomorphological interpretations
indicate a slow and continuous retreat of ice tolwdhe cirques, where ice was maintained
until the beginning of the Holocene (Figure 5.26¢ stillstands or small re-advances were
possible during the global LGM and the Younger Brgpisode. However, there is no field
evidence to suggest a complete deglaciation aféeh eglacier advance and any re-

advances of ice during a favourable climate musgeleecurred on a very small scale.

As the snow bearing winds were coming from the veksing the glacial maxima, the
cirques in the study area would be favoured onhreaistern facing sites. The differences
in the spatial distribution of ice in the studyaend the various retreat rates as determined
by the exposure ages depend on a variety of faffagsire 5.26). Insolation would be the
major cause of this effect as the northern cirqdésoaga Mare & lezer) are narrower and
deeper and therefore receive less solar radiatamilarly, the aspect of the northern
cirques facilitated less ablation than the southlégues in the Buhiescu glacial complex
(Tauri, Curmitura, Rebra, Buhiescu Mare). Although the cirque floors in our stwadea
are located at similar elevations (above 1800 rgufe 5.13) and have the same NNE
orientation (except theadri cirque - SE), the faster retreat and intenskingeof the ice in
the Buhiiescu Mare cirque was probably caused by its stape and aspect (Figure 5.21).
It is a wide and shallow cirque where solar radiativas stronger than in the other cirques
which are deep, narrow and sheltered by high sidéswe.g. Figure 5.6, Figure 5.8 &
Figure 5.17).

5.5.3.3 ELA reconstruction and palaeoclimatic implications

Two methods were used to calculate the ELAs to @ethem with other mountains of
Romania and other places in Europe: the accumualatrea ratio (AAR) and the area-
altitude balance ratios (AABR) (see 3.5). The aittiheight of the ice surface and the
extent of the glacial imprint was delimited usinghophotomaps overlaid on a 3D surface
(Figure 5.26). The hypsometric contours of thedugace and ice extent were measured

for the locally observed maximum and YD glacialestt
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Figure 5.26. The pattern of deglaciation in the NWpart of the Rodna Mountains between 37-11 ka. DasHdines = drift limit,

solid lines = moraine ridges, half moon = glaciallynoulded bedrock, circle = boulder.
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For the last local maximum advance at about 37rk&laA of 1258 m and 1336 m was
calculated for the Pietroasa and Biglscu glaciers respectively, using a balance mitio
1.8 (Table 5.2), the same as for Scotland (Tal#g Zhere is a general lowering in ELA
estimates from south to north in the Romanian Ghigas, consistent with the spatial
differences in temperature and precipitation wivigre probably more pronounced during
the cold glacial periods. In the southern Carpathighe moisture bearing winds from the
Atlantic brought the highest amount of precipitatio the Retezat Mountains (Figure 2.2).
Therefore, the glaciers in the western massifsnelee for longer distances (ELA at 1725
m at the last maximum ice advance and 1770 m atatkeglacial advance) than in the
eastern massifs. Nevertheless, the northern positithe Romanian Carpathians together
with the dominant western winds and cold air flofkem the east caused the Rodna
Mountains to receive higher amounts of solid préaimn. This allowed for more ice
accumulation and glacier advance to lower elevatign 700 m altitude) than in the
Retezat Mountains (1050-1200 m altitude; Urdea &tRer, 2009). The cirque floors in
the Rodna Mountains are lower than in the Soutl@arpathians, however, their NNE

orientation favoured a lower ELA (Mindrescu et 2010).

Table 5.2. The equilibrium line altitudes (ELA) for the Last Glacial Maximum and YD glaciers in the
Rodna Mountains. AAR = accumulation area ratio (Poter, 2001); AABR = area altitude balance ratio
(Osmaston, 2005).

ELA (m)
AAR AABR

Stage Glaciers Area (km?) 0.65 0.75 0.67 1.8 2.0
LLGM Pietroasa 7.21 1280 1124 1383 1258 1237
Buhaiescu 8.93 947 890 1494 1336 1319
YD Zanoaga Mare 0.44 1804 1773 1850 1846 1841
lezer 0.39 1874 1878 1969 1965 1961
Tauri 0.29 1885 1849 1947 1944 1940
Curmatura 0.18 1953 1957 1913 1911 1909
Rebra 0.05 1892 1877 1937 1935 1933

The ELA values for the reconstructed YD lie betwdd46 m and 1935 m, with the
variations of the values between the cirques bedtated to the differences between the

elevation of the cirques’ floor, the size of the mccumulation areas, the shape and aspect
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of each cirque. The ELA in the Retezat Mountains wstimated to have been located at
2030 m during the YD glacier advance (Reuther et 2007) which supports the

hypothesis of a steep north-south precipitationligrat across the Romanian Mountains.

5.5.3.4 Comparison with the palaeoclimate records in the

Romanian mountains

The cirques with NNE orientation §doaga Mare, lezer, Cutitura, Rebra, Butiescu

Mare) and the ice presence at lower elevationsh@ Rodna Mountains relates to the
general WNW palaeowinds during the last glacialeyin spite of their high altitudes, the
mountains east of Rodna did not support glacierutfhout the Late Devensian
glaciation, in contrast with the lower altitude mtains in Western Carpathians,

emphasizing the important role of these winds (IVBsdu et al., 2010).

The last local maximum glaciation in the study aoeaurred between 37-26 ka. This is
supported by a significant temperature decreasdicated by pollen analysis and
interpretations of loess deposits (Céarciumaru, 198bis temperature decrease occurs
earlier than the global LGM. Applications of U/THMS in cave deposits located in the
northwestern part of Romania show a decrease oomligwuity in speleothem growth at
the same time (Lauritzen & Onac, 1995; Onac & laen, 1996). An early maximum ice
advance in the Rodna Mountains is also supporteath®r evidence in speleothems in SW
Romania, showing climatic conditions similar to ttwd episode at 40-35 ka (Constantin
et al., 2007). Although no boulders were suitalile $urface exposure dating in the
Southern Carpathians, morphological and pedologmeastigations on the lowest elevated
moraines confirmed that a maximum ice advance énRbmanian Carpathians occurred

earlier in the last glaciation, presumably during Early Devensian (Reuther et al., 2007).

Glacial retreat in the Pietroasa and Buhaiesceyslby 26 ka (Figure 5.26) may coincide
with a moderate warming of the climate between 33ka (Constantin et al., 2007).
Retreat appears to have been slow as suggestée lage of lateral moraine abandonment
at about 18 ka and medial moraine deposition autafié ka (Figure 5.24). Surface

exposure ages
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Figure 5.27. Rodna Mountains!°Be exposure ages plotted against the GRIP ice core
(Rasmussen et al, 2006) and other Romanian datesgRher et al., 2007; Tmas et al., 2005).

from the northern slopes of the Retezat and Pakdmgntains confirm that deglaciation
during the Lateglacial occurred at ca. 16.8 + 1la8 &nd ca. 17.9 = 1.6 ka respectively
(Figure 5.27) (Reuther et al., 2007; Urdea & Reyth@09).
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Continuing speleothem growth after 14.8 in wesfeomania is thought to be due to an
increase in the temperature or moisture availgbititthe area at the end of the global
LGM (Figure 5.27; Emas et al., 2005). The deglaciation chronology in #tedy area
(Figure 5.26) also agrees well with dates from lakdiments in north-western Romania,
which show a general warming of the climate at 1Ka5respectively (Figure 5.27;
Wohlfarth et al., 2001), corresponding to the deiglégon times recorded in the Greenland
ice cores (Gl-1e, 14.7 ka; Walker et al., 1995;rBjet al., 1998). At ca. 13 ka thedri
glacier retreated towards the cirque, at a timenadlienate is suggested to have been warm
and dry after 13.8 ka at lower altitudes west & Bodna Mountains (Wohlfarth et al.,
2001).

Deglaciation in most of the corries on the northslopes of Rodna Mountains occurred
between 13-12 ka with ice persisting until ca. Hlikk the Znoaga Mare cirque (Figure

5.26). Our exposure ages for the presence of thenyer Dryas event in the Rodna
Mountains correlate well with results from the RetteMountains (13-11 ka; Reuther et al.,
2007; Figure 5.27). At lower elevations in the Guidountains (Figure 2.1), open

vegetation communities recurred between 12.9 - kd.%s a response to a cold period
(Feurdean, 2005; Bjorkman et al.,, 2002). This wasval with the Younger Dryas

readvance at higher altitudes, in the Bihor MourggjFigure 2.1) the cold stage being
recorded between 12.6 - 11.4 karfies et al., 2005). Our deglaciation ages also coeelat
well with the rapid growth of a speleothem at ~51Ka in the Poleva cave (300 km south-
westwards) at the beginning of the Holocene warmoge(Constantin et al., 2007). An

abrupt increase of air temperatures was also redardthe Gutai Mountains after ca. 11.5
ka (Feurdean & Bennike, 2004). The ages of 9.5rkthe steep cliff above the Lake lezer
(Figure 5.24) match reasonably well with a shott qeeriod recorded in the speleothems
in the Bihor Mountains between 9.4 - 9.1 kair(ies et al., 2005) and could indicate

increased frost weathering activity at this time.
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5.5.4 Conclusions

1. Geomorphological mapping of ca. 50 %im the north-western part of the Rodna
Mountains suggest a maximum extent of ice to astlé®0 m altitude. The
reconstructed glacial history points to a sloweaatrof ice towards higher ground.
The large dimensions of certain glacial featureggsst ice stillstands which may

have occurred between the retreating episodes.

2. The surface exposure ages are consistent with deemorphological
interpretations. The last maximum advance of icéhen Rodna Mountains during
the Devensian glaciation is asynchronous to glolalate records. This difference
in timing and spatial extent will be addressedetad in Chapter 6. The local LGM
occurred before 37 ka and ice retreated slowly tdsvéhe cirques. Ice stillstands or
advances may have occurred during the global LGMfr, when the release of
moisture in the atmosphere was greater, however,gdomorphology does not
provide any evidence to support this. The deglemiatduring the Late Glacial
occurred synchronous with other places in Romamid @entral and Western
Europe. Final ice occupation of the higher cirqoesurred during the YD as
evidenced by the deglaciation ages of 13-11 ka frwraines and bedrock.

3. The calculated ELA, using the area-altitude balaaties, during the local LGM is
lower (1258 m) than in the Southern Carpathian2%1m). There is an increase of
the ELA values in the cirque glaciers in the stadga from west to east (1846 -
1935 m) during the Younger Dryas. This is interpdetis indicating a moderate
precipitation (W-E) and insolation gradient whiadvdured slow ice accumulation

and longer maintenance in sheltered areas.
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6.1 Introduction

This chapter summarizes the main findings in thesis and aims to synthesize both the
resulting chronology and the palaeoclimatic implmas. Prior to the results of this
research study, the glacial extent in the Monatthliountains was uncertain for the
period spanning between the LGM and the early Holecand no absolute dating
technique had been applied to establish the choggobf glacial events in this area.
Similarly, in the Romanian mountains there was mmoat complete lack of age control
regarding the maximum extent of the glaciers, amghalaeoenvironmental reconstruction

had been made in the Rodna Mountains for the Latee@sian glaciation.

Given the abundance and the stability of the olexeand mapped glacial landforms, and
the occurrence of suitable dating material, suriq@osure dating was applied to directly
date glacial deposits and ice-eroded surfaces.coheination of geomorphological data
and the exposure ages allowed the timing, rateeateht of the last glacial advances and
the pattern of deglaciation to be clarified.

This research brings new empirical data to a dewedp chronological framework of
European climate change, while the reconstructedrammental conditions in the
Monadhliath and Rodna Mountains provide new insighto the temporal and spatial
variability of Last Glacial climate fluctuationsrass Europe.

6.2 Ice sheets and climate in the North Atlantic

Both atmospheric and oceanic circulations are mesipte for the balance of air and ocean
temperatures around the globe. In the North Attamtarm surface waters are moved from
the tropics north towards the Arctic via the Noftthantic Drift (an extension of the Gulf
Stream). As this water moves north, evaporation @maling increase the salinity and
density of the water and eventually it sinks at plodar front returning south as North
Atlantic Deep Water (Broecker et al., 1985; Nesfeak, 2000). This thermohaline
circulation (THC) plays an important role in thestdibution of heat and moisture transfer
between the warm surface waters and the atmosphegaesulting atmospheric warmth is
transmitted eastwards by westerly winds, mostlyirduthe winter time (Florineth &
Schluchter, 2000).
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Being very sensitive to salinity and temperature; ehanges in these variables affect the
THC and may lead to the reduction in the supplwafm water to the higher latitudes and
hence a reduction in the warm air released acr®¥sBurope (Rahmstorf, 2003). Such a
reduction could be caused by the input of large warte of freshwater into the North
Atlantic decreasing surface water salinity and shgndown the sinking process (Bigg et
al., 2003). The strength of the THC has been ratlicghe past, causing a decrease in
atmospheric temperature and moisture in NW Europkeaasouthward displacement of the
Polar Front (Ruddiman & Mcintyre, 1981; Kuhlemanrak, 2008; Kwiecien et al., 2009).

Glaciers are sensitive terrestrial indicators afmate change, responding rapidly and
markedly to changes in both temperature and ptatign (Oerlemans, 2005). Conversely,
large ice sheets can themselves influence reg@amalglobal climate by amplifying and
potentially driving the climate, depending on tloe sheet size and preservation through
time (Clark et al., 1999). According to Rohling (&), the transmission of the climatic
signal takes place through the atmosphere ratteer through oceanic circulation. For
example, winds blowing over Arctic sea ice brinddodry air over the northern European
continent reducing the atmospheric moisture bu@@etot et al., 1999). Moreover, the air
above an ice sheet is cold and dense and movesstipenas katabatic winds affect
primarily ice-proximal areas. Large anticyclones asually formed at the ice surface with
air draining to the south in the northern hemisph&his moves the zone of cyclogenesis
further to the south (Clark et al., 1999; Bigg let 2003).

Generally, ice sheets grow slowly and shrink re&dyi faster, especially when there is a
rapid change in climatic conditions (Clark et d1999). The pattern and extent of past
glaciations can provide information on the mechanigwolved in the origin and
transmission of climatic signals. Ice sheets amamused of layers of snow, which compact
to ice over tens of thousands of years trappinggatust and water molecules. Hence they
are archives of changes in atmospheric chemistdytamperature at the time of snow
deposition. Large climatic oscillations in the NorAtlantic region are recorded in
Greenland ice cores and in deep-sea sedimentaty, gmoviding valuable and detailed
information on the Earth’s environmental historelffer et al., 2006). The large climatic
oscillations are unlikely to have influenced allEdrope to the same extent or at the same
time, since local factors can lead to differentnelie change responses (Boulton et al.,
2001).
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6.3 Timing and extent of Devensian glaciation in Europe

6.3.1 North-western Europe

During the Devensian glaciation, the north-westeart of Europe was repeatedly covered
by ice masses. There is evidence that by ca. 38&k&candinavian ice sheet had already
retreated from the latitude of Denmark (Siegertabi 2001; Svendsen et al., 2004;
Wohlfarth et al., 2008). Smaller readvances weikpgissible between 54-46 ka, caused
by increased temperature and, implicitly, higheoants of precipitation in the Baltic area
(Houmark-Nielsen, 2010).

During the most recent glaciation, the British Hridce Sheet (BIIS) developed and
expanded from the mountains around the Rannoch M@ of Scotland, and from other
smaller high areas across Britain. The onset dfigfi@n in Britain occurred after 35 ka
following an ice free period (Bradwell et al., 2@)8 According to the simulations of
Hubbard et al. (2009), ice streams formed betweer88-32 ka and flowed towards the
Moray Firth, the Minch and the Central Lowlandsg{i#e 2.1) but remained terrestrial
during this time. After slowly coalescing with théher ice masses in the British Isles, the

BIIS margins reached below modern sea level towtlrelsontinental shelf edge.

A parallel evolution occurred in Scandinavia, whglaciers expanded from their valleys
to the south and south-east towards central Euanpewestwards across the continental
shelf. During the Late Devensian several ice ldpead across western Poland, Germany,
Lithuania and Belarus (Svendsen et al., 2004; Ma?Pkd0). The ice sheet reached its
maximum extent at ca. 21 ka, the western and eastargins of the ice sheet having a

asynchronous advance and retreat (Wohlfarth e2@03).

At the maximum expansion, the NE ice streams ofBh8 joined the Fennoscandian ice
sheet (FIS) to form the NW European ice sheet. [&tge ice sheet also spread eastwards
towards NW Russia to coalesce with ice sheets fimmBarents Sea, Svalbard and Kara
Sea, together known as the Eurasian ice sheet r@-igiB) (Svendsen et al.,, 2004,
Wohlfarth et al., 2008). Large areas of the Atlamtontinental shelf were exposed during
the maximum extent of this ice sheet (and otherwedf as sea level was ~120 m lower
than today (Peltier & Fairbanks, 2006).
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Deglaciation of the NW European ice sheet occuaféer 17 ka (Svendsen et al., 2004).
The BIIS reached the coast by 16 ka (Hubbard et28I09) and'°Be exposure ages

indicate deglaciation of the Last Devensian icesslire the Monadhliath Mountains at ca.
15 ka (this study). However, a complete deglaamta not occur everywhere in Britain

as ice was maintained in topographically favourdbtations throughout the Lateglacial
(Bradwell et al., 2008a).

The retreating Scandinavian glaciers readvancemhgltine Lateglacial in response to the
severe climate cooling of the Younger Dryas peridus also caused other ice readvances
in Europe. An ice cap grew over the Scottish Higdkwhile smaller ice caps and corrie
glaciers covered other areas in the British Iskeg.(Cairngorms, Isle of Skye, Brecon
Beacons) (Sugden, 1970; Ballantyne, 1989; Carrl 2@uring this short cold episode, the
Monadhliath Mountains sustained a separate plai@awcap, located to the east of the
Central Highlands ice cap, which coalesced withvéléey glaciers below. Boulders from
moraines in three cirques in the Monadhliath Mounstavere last abandoned by ice at ca.
11-10 ka (this study).

6.3.2 South and east Europe

During the Devensian glaciation, unlike north-west&urope, south and south-eastern
Europe was affected by more restricted ice fieldshsas small ice caps and mountain
glaciers, specifically in south Germany, the Pyesnethe Alps, the Vosges and Jura
Mountains, the Massif Central, the CarpathianstaedJral Mountains (Ehlers & Gibbard,
2004). The maximum advance of ice in the Pyreneesirced early in the Devensian
glaciation between 70-50 ka and glaciers retresl@aaly towards the end of the glaciation
(Jalut et al., 1992; Garcia-Ruiz et al.,, 2003; €&lv2004). Isotopic record from
speleothems in the south-western part of the Rama@arpathians support a cold climate
between ~ 67-58 ka (Constantin et al., 2007) amtesthems in the Tatra Mountains also
indicate two cold episodes at ca. 55 ka and 40e88@logdan & Leszek, 1999). The Ural
Mountains had more extensive glaciers at ca. 5&#®CGhan during the global LGM
(Mangerud et al., 2008). The last local glacial mmaxn (LLGM) in the Cantabrian
Mountains has been constrained between ca. 48-33dw@chez & Arquer, 2002; Jalut et
al., 2010). Other high altitude areas in east andhseast Europe experienced the LGM at
an earlier time. The maximum position attained byuntain glaciers in the Romanian
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Carpathians was before 37 ka (this study) anddlagive chronology of moraine deposits
in the Southern Carpathians (Retezat Mountaing)@tp this earlier maximum glaciation,
which is asynchronous with global climate recorBeuyther et al., 2007). This is also
consistent with reconstructions in the Massif Calntberia and the Albanian Alps (Straus,
1992; Gillespie & Molnar, 1995; Marjanac & Marjan&004; Milivojevi et al., 2008).
Moreover, dating of glacial sediments in Greececaigs a wider maximum ice extent few
thousand years prior to the global LGM (Woodwardaket 2004; Hughes et al., 2006).
Similarly, the glaciers in the Bavarian Forest ahd Tatra Mountains attained their
maximum position at ca. 32 ka and 32-30 ka, respdygt(Raab & Vélkel, 2003; Lindner
et al., 1990, 2003).

Southwards of the Scandinavian ice sheet, thedparcthe Alps was the largest glaciated
area of the Late Devensian Glaciation, attainirgjnaultaneously maximum extent with
the NW Europe ice sheet (Florineth & SchliichteQ82000). The eastern Alps sustained
piedmont glaciers which reached their maximum extetween 24-21 ka (van Husen,
1997; Reitner, 2007). During the global LGM, thghialtitude Caucasus Mountains had
restricted glaciation, with cirque and valley gtsi of up to 50-70 km in length
(Gobejishvili, 2004).

The retreat of mountain glaciers in Europe after tl&M occurred at different times in
different places, and readvances of ice were comuharng this time of increased
moisture budget. The Alps, the Carpathians andreggons had synchronous readvances
during the overall deglaciation period when area&urope responded rapidly to the H1
cold event (16.6 ka; Ivy-Ochs et al., 2004; Reutteal., 2007). The subsequent Bolling-
Allerod warming substantially diminished glaciertents, allowing tree populations to
spread. However, there were suitable topograpHmedtions where ice masses were
maintained during the Lateglacial (e.g. the RodnauMains). Just before the Holocene
warming, the last major advance of ice during thevéhsian glaciation occurred
synchronously across the European mountains dthiangyounger Dryas cold event (12.9-
11.7 ka).
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6.4 Palaeoclimatic implications

6.4.1 Glacial-climate relationships in the Scottish Highlands

The weather systems in the North Atlantic are daeid by the North Atlantic Oscillation
(NAO), a large scale process that is driven bypitessure gradients between the Icelandic
Low and the Azores High pressure systems. The gtwasterly winds created along this
gradient serve to transport excess heat from thmtegal regions towards the higher
latitudes and bring precipitation to the westedef Europe. During the course of a year,
the position of the Northern Hemisphere jet streahanges latitudinally due to
temperature variations and this has a direct impadhe climate of Western Europe. The
position of the jet stream is located in a moretlsedy position in winter, at about 48°N
and is responsible for mild and wet winters in &oad (Penaud et al., 2009). In summer,
the jet stream is weaker and moves northwards [H588sulting in drier conditions in
southern Europe (Harrison et al., 1992, 1996; R&dh & Schlichter, 2000).

The location of Scotland on the western coast ofop® means that its climate is

dominated by proximity to the North Atlantic Oceansuring that it recorded the cyclic

climatic changes faster than European regions ddcairther south or east (Sutherland,
1984). The palaeoclimatic reconstructions in Soaotldargely agree with the high-

amplitude air temperature oscillations and preatph patterns identified in Greenland ice
cores (Atkinson et al., 1987; Brooks & Birks, 2000pwards the Late Devensian, in

response to the changes in the North Atlantic Oce&anlation and therefore decline in the
heat transport towards higher latitudes, Scottisitigrs expanded to form the northern
part of the BIIS. This expansion occurred after338ka based on organic deposits at
Tolsta in northern Lewis and at Sourlie, near Gdasgand the dating of woolly rhinoceros

remains at Bishopbriggs, also near Glasgow (Go&l&utherland, 1993; Bradwell et al.,

2008b, Jacobi et al., 2009). The BIIS and the Eemapice sheet grew synchronously
during the LGM (26-21 ka) and at their maximum extethey would have contributed to

the cooling of the neighbouring areas (Bradwe#let2008b).

The considerable temperature and rainfall gradipateeen the west and east of Scotland
were markedly stronger during the last glacial adea A difference can be seen in the
distribution of solid precipitation and ice fornati during the Younger Dryas, when the

NW Highlands of Scotland were covered by an ice edplst the drier central and eastern
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areas developed smaller individual ice caps origilacat higher elevations (Golledge,
2008).

6.4.2 Glacial-climate relationships in the Romanian Carpathians

The temperate climate of the Romanian Carpathensiter and colder than other areas at
similar latitudes as they are influenced by both wWestern dominant winds and the dry
continental climate from the east. In addition, Retezat Mountains are influenced by air

masses from the Mediterranean Sea.

The past changes in the North Atlantic Ocean wée an important control on eastern
European climate during the last glaciation. Howegirespite of the largely simultaneous
climatic patterns across Europe, the relative ntagei and spatial variability of glacial
events may have differed (Golledge et al., 2008 wthe North Atlantic climate signal
likely diminished, or transmitted more slowly, towda the south and east of the European
continent. Although responding to the same Nortlamic stimulus, the location of the
Carpathians in the transition area between theenestceanic climate and the continental
east resulted in different local climatic responses

Although the glaciations were different in exteht Carpathians and other mountain areas
further east experienced similar climatic condisiohhe restricted amounts of precipitation
in Eastern Europe and western Russia resulted atienice fields than occurred in north-
western Europe during the Devensian glaciationswéder, the cold temperatures
experienced in these high elevated Eastern Eurogreas were the main controlling factor
for glacier extent (Sheinkman & Barashkova, 199Gjowing continentality eastwards
caused the glaciers of the Ural, Caucasus and &elkéauntains to reach their greatest
extent before the global LGM (Mangerud et al., 20R8uther et al., 2007).

During the LGM, the Romanian Carpathians were letatt the southern periphery of the
NW European ice sheet. A more limited expansioic@fin the form of mountain glaciers
at high elevations, occurred here at this time. dlimatic gradients were likely different
than at present as the presence of the large e shthe NW part of Europe would have
repositioned the dominant western winds to lowétudes. The cold and dry climate of

NW Europe at that time would likely have led to degsed temperatures emanating from
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an expanded Polar High (to include the SiberiarhHand to produce a westerly moving
cold air stream over eastern Europe (Tarasov et18099). For example, the cold
environment east of the Rodna Mountains prevertedestablishment of trees at Mitoc
(Romania) and Gauti (Moldova) during the global LGM (Willis & AndeR004).

In the SW part of the Romanian Carpathians, camstiwould have been slightly
different, due to its location closer to the infige of the Mediterranean Sea and sea level
fluctuations and associated temperature changesdwaye impacted on atmospheric

moisture, influencing glacier dynamics.

During the last glacial episodes, major sea lelwetthiations occurred in the Mediterranean
Sea and in the connected marine basins (Lambecur8eP, 2005). Generally, high water
levels in the Black Sea occurred during the wetat@gtion periods, whilst low sea level
characterized the dry periods of the early intenigla (Chepalyga, 1984). During the
global LGM (26-21 ka), the Black Sea was 110 m lotiran today (Aksu et al., 2002).
According to Ryan et al. (2003), the sea level dioghe Bosphorus and Dardanelles
Straits isolated the Marmara Sea. Disconnected themMediterranean Sea, the Black Sea
(= Euxenic Lake) became freshened by continentarsiand subsequently by meltwater
from the disintegrating Eurasian ice sheet (Mik®lagz, 2011; Ryan et al., 1997, 2003),
delivering excess water over the sill points towgatde Mediterranean (Dawson, 1992;
Major et al., 2006; Lericolais et al., 2007). Thaitable marine records in the Black Sea
area supports a very cold and arid climate withuced precipitation and low evaporation
rates during this period, especially in the nomhand western parts (Buynevich, 2011;
Atanassova, 2005; Kwiecien et al., 2009). Howeaamlder and wetter climate than today
was experienced by mountain areas located furtahsand south-westwards (Mudie et
al., 2002; Sarikaya et al., 2008).

6.5 Comparison in the context of global climate records

The spatial difference in the ice extent in the lidimiath and the Rodna Mountains is
supported by the difference in the chronologicahfework of the Devensian glaciation.
This refers to the length of time needed for ba#maa to respond to the same dominant
stimulus, i.e. the North Atlantic ocean, set agalosal influencing factors which increase
in importance with distance away from the mainuefitial factor. The European records
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show a wide variety of regional and local responsesnbined with the general
atmospheric circulation responsible for the disitikn of precipitation and temperature.
The spatial diversity fits very well with a morenited extent of the ice towards south and
south-eastern Europe in the Late Devensian. A weageof the driving Atlantic influence
towards the east is certainly apparent during tB&L(Tarasov et al., 1999) and the past
glacier fluctuations in Northern Romania are oneh# indicators that argue against an

entirely synchronous climatic ice response durirg@evensian glaciation.

6.5.1 Middle Devensian (60-30 ka)

The transition from the Early to Middle Devensiaaripd took place in cold climatic

conditions, as suggested by the isotopic recorspefeothems between ~ 67-58 ka in the
south-western Romania (Constantin et al., 2007e Beandinavian ice sheet spread
southwards to the latitude of Denmark at ca. 5@k then retreated, leaving a small ice
cap over Scandinavia by 50 ka (Siegert et al., 280&ndsen et al., 2004; Wohlfarth et al.,
2008). Details of the ice advance are still debawdath Houmark-Nielsen (2010)

suggesting that between 54-46 ka lobes of the @If ddvanced in the south-western
Baltic, corresponding to the warming and increageztipitation during the Dansgaard-

Oeschger oscillation 14-13.

The decrease in the global ice volume at ca. 5@d#ao an increase in the atmospheric
moisture budget in southern and south-eastern Eufélprineth & Schlichter, 2000). As
the moisture increased, it is possible that the &van glaciers were already advancing at
a time when the ice masses in the NW Europe wdleretreating. The build up and
maintenance of mountain glaciers did not depenyg onlglobal conditions (i.e. increasing
temperature), but they were more influenced bydbal relief (Gillespie & Molnar, 1995).
The glaciers in the Vosges and Jura Mountains hedMassif Central advanced towards
their maximum extent during the Middle Devensiau, festricted southerly moist airflows
in the Alps accounted for only small glacier adwat higher altitudes (van Husen, 1997;
Florineth & Schllichter, 2000). These earlier maximexpanses of ice before the global
LGM may have been influenced by the increased amoftinvestern precipitation and
gradual global cooling which led to lower rangevafley glaciers at an earlier time than
the global LGM. The glacial record in the Rodna Mtains also indicates a significant

lowering of the glacier equilibrium line altitudenc glacier expansion towards their
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maximum ice advance. It has previously been sugddsiat the glacial maximum extent
was not synchronous everywhere, especially betwamtinental glaciation and high
altitude glaciers (Gillespie and Molnar, 1995; Reutet al., 2007).

Glacier advance and preservation for few millenimiaghe Rodna Mountains was also
enhanced by the eastern cold and dry climate agsdciwith the Siberian anticyclone.
Cold periods were recorded in speleothems in theTdountains at ca. 55 ka and 40-35
ka (Bogdan & Leszek, 1999), and reduced precipitatvas received on the eastern side of
the Scandinavian Ice Sheet between 47-37 ka (Hduhiaisen, 2010).

The location of the Polar Front over southern ual#ts caused a slow retreat of ice masses
across Europe. According to Florineth & SchlichtE98), the Scandinavian ice sheet
retreat was driven by arid conditions rather thaarming of the climate. The dry
conditions over other areas of Europe were alssuitdéble for preserving ice masses and
led to a similar retreat of glaciers in the NW llbethe Vosges and Pyrenees Mountains in
a cold, but dry, climate (Jalut, 1992, 2010; Setetl., 1992).

The timing and the rate of ice growth in the Rodf@untains is unknown, however, the
glaciers were retreating from their maximum positiat ca. 37 ka at a time when the
British ice sheet was advancing across the ice-8Beettish lowlands (Hubbard, 1999;
Bradwell et al., 2008b). According to Blaauw et @009), a more rapid atmospheric
transmission of the climatic signal between thethiétlantic and the European continent
would have probably led to nearly synchronous ev@ithin the Northern Hemisphere.
However, the earlier LGM in the Romanian Carpathiand other parts of Europe (e.g.
NW lIberia, Pyrenees, Cantabrian Mountains) miglggsest a faster response of areas
located further south or east (Ehlers & Gibbard)&0Jalut et al., 1992, 2010). Being
much smaller in size than the north-western antraeBuropean ice masses, the mountain
glaciers in Romania responded quicker to the @dmls in the temperature and
precipitation regimes, similar to the Mediterrangagion (Gillespie & Molnar, 1995;
Florineth & Schltchter, 1998; Hughes & Woodward)2p
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6.5.2 Global LGM (30-19 ka)

The glacial retreat from a maximum position in tRedna Mountains was probably
continued by precipitation reductions during Hethrievent 3 (31 ka) and increasingly
more arid conditions linked to the gradual develeptof the Scandinavian Ice Sheet (30-
27 ka; Houmark-Nielsen, 2008) which coalesced withBIIS (30-25 ka; Bradwell et al.,
2008b), partially contributing to a considerabla $&vel drop of 120-150 m (Lambeck &
Chapell, 2001). The growth of these ice sheets Inaag starved of moisture the rest of the
European continent as the global LGM approachedl{Bo et al., 2004). The reduction in
sea surface temperature (SST), enhanced by thenmeoweof the polar front to southerly
latitudes in the North Atlantic (~40°N), would hakeel to cooling and formation of a more
extensive sea ice cover, with subsequent low leskBvaporation (Penaud et al., 2009;
Kjellstrom et al., 2010). The global cooling of tbkmate was amplified as a result of
winds blowing over the sea ice, leading to decreasatmospheric water vapour and cold
winters in central and northern Europe (Clark et H099; Pinot et al., 1999; Florineth &
Schlichter, 2000). For example, the limited preaimn forced the ice in the Bavarian
Forest to melt back at ca. 32 ka (Raab & VolkeD30which is coeval with the very cold
climate of the eastern Alps after 31 ka, constragjrice in high topographical locations
towards the LGM (van Husen, 1997). The glaciershi@ Rodna Mountains gradually
retreated, at a time when the European ice sheeteehing its maximum extent and the
moisture availability in the atmosphere was minif28-21 ka; Peltier & Fairbanks, 2006).
This is consistent with the observations that dagteon in a cold climate is possible when

the atmosphere is starved of precipitation (Sudimek| 1994).

Before the LGM, the circulation patterns were plipaimilar to today and moist air was
delivered by westerly air flow from the North Atlamand south/south-westerly air flow
from the Mediterranean region (Florineth & Schlight2000). However, during the last
glaciation, the atmospheric circulation responsifile non-synchronous events across
Europe differed from that of today (Tarasov et 4099). The cold environment in the
North Atlantic and the ice presence in Europe feted with the atmospheric circulation,
constraining the climate over the European contirffimot et al., 1999). The slowing
down of the North Atlantic Ocean circulation, theSTS decrease and the slower
hydrological cycle between the oceanic and the teicestrial surface led to diminished
moisture across Europe (Tarasov et al., 1999). Kewdinot et al. (1999) proposed that
this would have only a partial effect over southdfmrope, especially eastwards
(Kuhlemann et al., 2008). The presence of the ntargjer ice sheet in the NW Europe and
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the smaller extent of ice masses further south east, and the changes in vegetation
patterns across the European continent with ice &eas covered by tundra and polar
desert in the north and semi desert steppe indhtéh gTzedakis et al., 1999, 2002) all
support the variability in the transmission of ttienate signals during the Late Devensian
glaciation.

-10° 0° 10° 20° 30° 40°

Figure 6.1. Atmospheric circulation pattern during the Last Glacial Maximum in Europe modified
from Florineth & Schliichter (2000) and Kuhlemann etal. (2009). Ice limits drawn according to
Svendsen et al. (2004) and Bradwell et al. (2008)igital elevation model from SRTM (NASA, 2004).

The variability of the climatic conditions acrossirBpe also suggests influences from
different atmospheric factors. The presence of ssiaa northern ice sheet would have had
a great effect on European climate. Katabatic wohdgned off the ice sheet resulting in a
cold, dense air at low elevations in ice-free anfgagure 6.1), with reduced precipitation
especially in Central and eastern Europe duringnithgimum extent of the European ice
sheet (Harrison et al., 1996; Florineth & Schlicht998; Siegert & Marsiat, 2001).
Because of these cold and arid conditions, glaaiance in the Vosges Mountains, the
Pyrenees and the Massif Central was more restraitieidg the global LGM than during
their maximum extent in the wetter conditions o¢ fbreceding Late Middle Devensian
period (Florineth & Schlichter, 2000; Ehlers & Gaodd, 2004). Moreover, southward
winds blowing towards the equator are deflectethéoright in the Northern Hemisphere,
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thus increasing the cold westerly airflow towarde tCarpathians (Figure 6.1). The
temperatures at high latitudes in the areas adjacdhe ice sheet were also decreased by a
greater continental albedo of the ice surface whicheased the temperature gradient from
high to low latitudes, implicitly strengthening tiaeestern air flows (Harrison et al., 1992;
Clark et al., 1999). This cold effect would be sfyer in the surrounding areas of the
European ice sheet than around the smaller icdsfiacross Europe and especially in

winter when the temperature gradients were gréatasov et al., 1999).

A north-easterly anticyclonic wind system from theropean ice sheet (Figure 6.1) would
have deflected or presented a barrier to moistaegibg winds from the west, enhancing
the cold and dry climate over much of central, @asand south-eastern Europe (Harrison
et al., 1992, 1996; Florineth & Schluchter, 1998d&iman, 2001; Kjellstrom et al., 2010).

The southern displacement of the polar front steegethe north-south temperature
gradient across the Atlantic Ocean between mid-l@amweatitudes, resulting in an increase
in eastern cold and dry air flows in winter, esp#giin northern and central Europe
(Harrison et al., 1992; Florineth & Schlichter, @0&wiecien et al., 2009). The rain-
bearing western winds were forced towards the sontkdge of the European ice sheet,
explaining the repeated advances in the south pgsed to retreats in the northern parts
(Dawson, 1992; Ruddiman, 2001). Model simulatiohthe LGM sea climate suggest that
cold and wet airflows from the Atlantic contributéal increased summer cooling in the
southern Europe and the Mediterranean (Kwiecieal.e2009; Mikolajewicz, 2011). The
glacier advances in the Alps varied due to wet wiftldm west and south/south west, with
an increase of the southerly cold and dry windsatolw the eastern Alps and the
Pannonian Basin (lvy-Ochs et al., 1996; van Hug88,, Florineth & Schlichter, 2000).
Polar air flowing between the Pyrenees and the Atpabined with subtropical air from
NW Africa created cyclones in the western Mediteean (Figure 6.1). The strengthened
moisture bearing jet stream from southern Francatimeed eastward across the
Mediterranean, splitting and diverging north-noatetowards the south-eastern Alps and
further north over Albania, towards Ukraine supptyimoisture to the Fennoscandian ice
sheet (Rohling et al., 1998; Tarasov et al., 19&ineth & Schlichter, 2000; Kuhlemann
et al., 2009). This is consistent with reconstutdiin the Tatra Mountains where southern
atmospheric circulation prevailed during the LGMagadni, 2009). Another branch from
the Mediterranean air masses continued eastwardar€=6.1), supplying moisture and

bringing cold temperatures to western and soutlarkey (Sarikaya et al., 2008).
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Peyron et al. (1998) and Harrison et al. (1996uargr a colder and wetter climate in the
Mediterranean than in the north of Europe, but witstrong winter precipitation gradient
eastwards limiting the effect on the south-east phEurope. This agrees well with the
reconstructed environment in the Albanian Alps (keamann et al., 2009). Again,
simulations in southern Spain suggest cold andasatditions but rather dry in central
Italy (Harrison et al, 1996). However, ample evidesuggests that the last humid and cold
climate in the Mediterranean occurred at ca. 3k&bbefore the severe cold and dry
environment of the LGM, which did not allow majdagal advances in the Mediterranean
mountains (Tzedakis, 1999, 2007; Hughes et al.7 280ghes and Woodward, 2008).

It appears that dry conditions characterized the @M of the Carpathians during the
LGM as glaciers were already retreating towardsidrigcatchments (Reuther et al., 2007).
The evidence found in this study further northhe Rodna Mountains, is consistent with
recent climatic models that suggest dry conditioner eastern Europe and northern and
mid-latitude Russia during the global LGM (Tarasbal., 1999). Located between the NE
and E air flows from the Mediterranean Sea (Fighu®), the Rodna Mountains do not
appear to be affected by the moist air flows. passible that the moist air flow from the
Mediterranean region caused the glacier advanceg (Mthe Retezat Mountains (Reuther
et al., 2007), creating a fohn effect on the narthgart of these mountains. Thus only a dry
air stream reached the Rodna Mountains. The anddgrded in the Rodna Mountains and
the restricted glacier extent was also due to dleallinteraction with the dry continental
climate of eastern Europe. The lack of western tamswvould have required exceptionally
low summer temperatures to sustain the glaciemutfirout the global LGM. Low summer
temperatures could have been the result of thegitrened Siberian High which spread
intense cold and dry air westwards (Figure 6.1)s(&let al, 2000). Smaller glaciers were
also reconstructed in the northern Urals duringliB®1, emphasizing the north-eastwards
extension of dry and cold conditions (Mangerud let2008). While climate is the most
important factor in ice masses dynamics, the higbumulation areas in the Rodna
Mountains were also contributing to the preservatd the glaciers and their subsequent
slow retreat. This reflects the sensitivity of higiountain glaciers to the local conditions
(Reichert et al., 2001).

In contrast, Tarasov et al. (1999) suggested tiang the global LGM the area around the
Black Sea was characterized by somewhat wetteritimmsl than the present climate. An
increase in the moisture budget in the northernesasdern Mediterranean is supported by
lake level records and climate modelling (Prengétal., 1992; Harrison et al., 1996). This
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moisture could have been supplied by the eastwavd ¢f air masses from the western

Mediterranean.

The atmospheric circulation patterns discussed elme reflected in loess deposition
across Europe (Figure 6.2). The loess in centrabguis mainly attributed to winds

blowing from the front of the ice sheet (Goudie832 However, eastern Europe has
extensive and thick covers of loess which are yikel have been deposited in a similar
way by the north-easterly anticyclonic winds blogviftom the Eurasian ice sheet during
the LGM (Dawson, 1992). Loess deposition eastwardaksouthwards of the Carpathians
arch (40 000 ki) has been the subject of several works (Ghergkinal., 2006 &

reference therein; Timar et al., 2010).

6.5.3 LGM deglaciation (21-15 ka)

Deglaciation of the ice masses in Europe were ésflgrcharacterised by an oscillating
glacial retreat. The climate fluctuated repeatéiyn warm to cold during the Lateglacial
and the changes were mostly in phase across thep&am continent. Ice sheets and
glaciers shrank from their maximum volumes shaafter 19 ka because of rapid sea level
rise (Yokoyama et al., 2000; Lambeck & ChappellQ20 A fast response to the changes
in the North Atlantic region occurred in ScotlamtldNW Europe as the western maritime
lobes of the European ice sheet were affected (Rebterknecht et al., 2006). The
evidence in the Rodna Mountains suggests a slovcamithuous retreat of ice towards the
higher ground between 18-15 ka and there is nacatidin of a re-advance during the
Lateglacial. The likely slower response of the Randiaciers to the warming of the North
Atlantic was the result of the reduced importantenaritime conditions towards the east

and a colder and drier continental eastern Europe.

The northward retreat of the polar front and warteenperatures over the continent led to
the initial melting of the European ice sheet atitenice masses in Europe. It took 5-6 ka
for the ice sheet to melt back between the LGMtBnaind the Baltic (Kalm, 2010). The
early deglaciation and the high amount of freshewaind icebergs discharged into the
Atlantic are thought to have affected the formatidrNADW, causing the polar front to
move southwards again (Penaud et al., 2009). Hawediie ice sheets and glaciers

continued to retreat as a response to the coldadaonditions in Europe (Raven, 2001;
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Figure 6.3. Late Quaternary chronostratigraphy (Moradhliath & Rodna Mountains) and their
correlation with Marine Isotope Stages and Greenlad ice core data (NGRIP dating group, 2008) and

other European dates. The last local maximum glaation (LLGM) after 40 ka is also shown.
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Rinterknecht et al., 2006). Ice free areas wemamon in the Alps and Turkey around

17.7 ka and 17.3 ka, again because of cold anddrgrglimatic conditions.

In contrast, the increase in the precipitation e across Europe caused by the melting
ice, led to readvances of valley glaciers in thatlsern part of the Romanian Carpathians
(Reuther et al., 2007). This was likely to happethie area closest to the Black, Marmara,
and the Mediterranean seas which act, even atmirese moisture sources for this part of
the Carpathians (Ono et al., 2004; Reuther e8D7). A similar readvance occurred at
ca. 15.8 ka in the Alps after the initial deglai@at(lvy-Ochs et al., 2004). Readvances in
southern (16.8 ka) and north-western (16.1 ka) @wrccurred in similar conditions as a
result of the H1 cold event (Sarikaya et al., 200éhno et al., 2010; Hughes & Woodward
2008). The increase in freshwater and sedimertenBiack Sea from the northern areas

occurred after ca. 16 ka when the European clilmatame warmer (Kwiecen et al., 2009).

The sea level rise also caused a punctuated retfébe BIIS as evidenced by offshore
glacial landforms, retreating to the coastline iy ka (Bradwell et al., 2008b; Hubbard et
al., 2009). Terrestrial geomorphological featuneggest a rapid retreat of ice, marked by
stillstands and short readvances (Young, 1974; i@raet al., 1998; Merritt, 1998;
Golledge, 2002). Deglaciation in the Monadhliathuvtains occurred at ca. 15.1 ka, at
similar times as the nearby Loch Etteridge and@hengorms (Walker, 1975; Phillips et
al., 2006).

6.5.4 Lateglacial (14.7-12.9 ka)

The retreat of the European ice sheet and changesegetation from semi-arid to
temperate species (Feurdean & Bennike, 2004; Hdbdtaal., 2009) is consistent with the
increased warmth and atmospheric moisture budgetighout Europe after the H1 event.
The Bolling-Allerod warming resulted in the massietreat of the European ice sheet to
near interglacial conditions (14.6 ka; Rinterkneehtal.,, 2006). The eastern part of
Scotland was deglaciated before ca. 14.5 ka bulvesees occurred at ca. 14 ka in the
NW areas (Ballantyne, 2010). Similarly, the uppealleys in the Rodna Mountains were
ice free by 14 ka (this study) after a warming ghisisthe north and west part of Romania
(Wohlfarth et al., 2001; dmas et al., 2005). The Older Dryas cold event (14.5¢ k&) at

the beginning of the Bglling-Allerad warming led s$hort oscillations of the glaciers
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margins in Scotland (Golledge et al., 2008) andetetgpn suffered a brief decline in tree
populations in Romania (Bjérkman et al., 2002; Hean et al., 2007). Favourable
conditions existed in the NW part of Scotland foe to be maintained even after 14 ka
(Sutherland, 1984; Bradwell, 2008a; Lukas & Bradw2010). A distinct deglaciation
from a readvance was also recorded at 13.3 ka ith-aestern Turkey (Zahno et al.,
2010).

6.5.5 Younger Dryas (12.9-11.7 ka)

The rise in SST in the North Atlantic during thellBmy-Allerad was interrupted by the

repositioning of the Polar Front southwards resgltin an abrupt cooling event across
Europe known as the Younger Dryas (Ruddiman & Mekt1981; Harrison et al., 1992;

Humlum, 1997; Golledge, 2008).

In the Rodna Mountains and the Monadhliath Mourstathe short and abrupt phase of
distinct climate cooling of the Younger Dryas (:2B7; Rasmussen et al., 2006; Lowe et
al., 2008) was characterized by the preservatioaxadting ice or possibly small ice re-

advances (Figure 6.3). The deglaciation chronolpggsented in this study supports
regional synchronism of glacial dynamics in thet8sb Highlands, along the Carpathians
and further north in the Ukraine (Rinterknecht let submitted). Outside of the glaciated

areas the cooling event is recorded in oxygen jmotecords from speleothems in western
Romania and the gradual expansion of open vegetatid barren areas (Bjorkman et al.,
2002, 2003; Feurdean and Bennike, 20G4n& et al., 2005).

Younger Dryas glaciers in southern Turkey and thes Aleglaciated at ca 11.5 ka (Zahno
et al., 2010; Ivy-Ochs et al., 2006, 2008). Furtherth, deglaciation from the Younger
Dryas limits occurred at 13.5-10.9 ka in Finlandn{Brknecht et al., 2006). The similarity
in the response of ice masses in NW Europe, thetbfteahean region and eastern Europe

suggest synchronicity of climatic forcing duringtfounger Dryas stadial.

Interestingly, the similarities between the two io®dg in this study show no spatial
diminution of the climatic signal as occurred dgritne LGM (Beaulieu et al., 1994), but
rather a simple, synchronous transmission towardsthern and eastern Europe.

Furthermore, the consistency between the data dreiethe Greenland ice core records
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(Bond et al., 1997, Bjorck et al., 1998) suggels& the transmission of the climatic signal
from the North Atlantic region was smoother andtdaghan in previous stadial and
interstadial episodes. The suggestion is thatsymehronicity resulted from the absence of
the large European ice sheet and the more norfesiion of the oceanic polar front in
the North Atlantic, which allowed stronger and @ldvesterly winds to penetrate across
Europe (Brauer et al., 2008).

The most marked precipitation and temperature wechluring the Younger Dryas
occurred in the north-western European countrisse\adenced by larger ice caps and
glaciers. Generally, a steep west-east precipitagradient was recorded from NW to SE
Europe (Harrison et al 1992; Renssen et al., 200lich emphasises the diminished role
of the ice masses themselves in exerting a coatratl the regional climate, and certainly
less than that of the previous glacial advance& Ybunger Dryas glaciers did slightly
modify the local climate by decreasing the tempeest in the adjacent ice free areas and
creating a pronounced periglacial regime (Ballaatghal., 2007). The Younger Dryas was
terminated by a rapid increase in atmospheric teatpee and moisture at ca. 11.5 ka
resulting in the deglaciation of the two study aresnd the replacement of open vegetation
by trees (Feurdean et al., 2007).

The hypothesis presented here is that the Rodnantdims glaciers did not disappear
completely before the Younger Dryas stadial whiattuored simultaneously across
Europe. According to Birks et al. (1994), the BmgHAllerad period was cool and wet
which allowed for the glaciers to survive, evenlat elevations. This is supported by
climatic reconstruction in NW Scotland, where giasi were preserved in favourable
locations (Bradwell et al., 2008a). It is likelyathglaciers in western Scotland started to
build up much earlier than the general accepteétatete (12.9 ka) for YD glaciation, due
to the atmospheric moisture availability during greceding interstadial when the sea was
ice free, combined with gradual northern hemisphmyeling (Bradwell et al., 2008a;
Lukas & Bradwell, 2010). Thus their maximum limit®re reached during the extremely
cold stadial, enhanced by lower summer SST andra mmlespread sea ice cover (Lohne
et al., 2007). As sea ice is a strong and rapicgsedar atmospheric cooling, oceanic
eastward winds would have amplified Europe’s cdichate (Brauer et al., 2008). It is well
known that during the Heinrich events polar watensered the Western Mediterranean
contributing to decreases in SST and implicitly éved evaporation. This is reflected in

the dry environments of southern and eastern Euabfieese times (Tzedakis, 2010).
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6.6 Equilibrium Line Altitudes (ELA)

Detailed geomorphological mapping of the glaciahdf@rms in the Monadhliath

Mountains in Scotland and Rodna Mountains in Romaliowed reconstruction of the ice
mass responses to changes in temperature and if@oip regimes. The ELA

reconstructions presented in this study can be eoedpwith published and dated ELA
reconstructions from other European sites (Figude 6

Figure 6.4. Equilibrium Line Altitudes in Europe (white box = LLGM, grey box = global LGM,;
black box = YD) (SRTM from NASA, 2004).

LLGM . Prior to 32 ka, during the most extensive glaeiant, the ELA in the Vosges
Mountains was estimated at 900 m (Mercier & Je2@04) and in the Bavarian Forest at
925-1050 m (Raab & Vdlkel, 2003). East of this d@teaELA increases to 1258-1336 m in
northern Romania (this study) and 1750 m in theaAlan Alps (Milicojevé et al., 2008).
The difference in glacial extent between the westmeas of Europe and those located
further east shows a distinct increase in the @mvaof the ELA. Due to different
dynamics of the atmosphere, the Rodna Mountaing webjected to higher amounts of
western and north-western precipitation than dutinegglobal LGM which led to a greater

development of glaciers.
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The Carpathian range shows a south-north ELA gnadiem the Retezat Mountains in
SW Romania (1725 m; Urdea & Reuther, 2009), tow#ndsRodna Mountains (1258 m)
and further north to the Tatra Mountains (1400 msatini, 2009). This is consistent with
the hypothesis that the cold climate from the east north-east, much harsher during the
Devensian glacial advances, combined with precipita caused a lower ELA earlier in

comparison with other European glacial advances.

LGM. During the maximum extent of global ice, the Elnrieases from the central Alps
(1200-1500 m; Ivy-Ochs et al., 2006) to the Eastghms (1700-1800 m; van Husen,
1997). The ELA estimations in the Carpathians attitme of the global LGM supports the
west-east gradient of precipitation in Europe as HbA in the Retezat Mountains was
estimated at 1770 m (Reuther et al., 2007). Thistywwast ELA gradient indicates that
geographic location plays an important role in gla@xtent. The larger ice masses in
western Europe strongly suggest wetter local cantiitas a result of the more pronounced

westerly airstream.

The reconstructed ELAs across the Mediterranearomenndicate a similar west-east
gradient from the Pyrenees (1400 m; Calvet, 200dsges Mountains (1100 m; Mercier
& Jeser, 2004), French Alps (1750 m; Cossart et24110), the Apennines (1750 m;
Giraudi & Frezzotti, 1997), the Sara Range (192150 m; Kuhlemann et al., 2009), the
Albanian Alps (1942 m; MilicojeVi et al., 2008), northern Greece (2174 m; Hughes &
Braithwaite, 2008) to the Rila Mountains (2150-2280 Zhelezov, 2010). The west-east
increase in ELA elevation across the Mediterransasupported by the same west-east
gradient of precipitation during the winter seastrihe time of maximum glacier extent,

indicating drier conditions further eastward (Kuhbknn et al., 2009).

YD. Similar differences in the ELA pattern are fourmtass Europe during the YD cold
stadial. The ELA in the Retezat Mountains was egith to have been located at 2030 m,
which indicates lower precipitation and higher #éibla possibly due to the Mediterranean
influence compared with the more northern Rodna mtains (1846 m), where a colder
climate prevailed during the YD. An even higher EwAs estimated in the Albanian Alps
at 2123 m (Milivojevé et al., 2008), at 2300 m in the Sara Range (Kuhterret al., 2009)
and in Greece at 2420 m (Hughes & Braithwaite, 2008 the two study areas,
Monadhliath and Rodna Mountains, similar ELA tremas be observed. The calculated
ELA for the main YD glaciers in the Monadhliath kegis ranged from 643 m to 809 m
from west to east, while the moraines in the Robflmantains indicate a west-east ELA
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increase between 1846 m and 1935 m, supportingttbag west-east climatic gradient

across Europe.

Overall, the regional differences in the ELA redomstions across Europe appear to be
mainly due to the location of the glaciated areaelation to the dominant palaeo-wind
direction. The north-western countries receivedarmecipitation as they are closer to the
Atlantic Ocean and precipitation had an importasie rin controlling the ELA changes
during the last glacial episodes. Hence the rapahges in glacial extent and dynamics of
the western ice masses. The high altitudes of teeraulation areas in eastern Europe,
combined with the dry and cold winds from the styen Siberian anticyclone during

glacial episodes, resulted in less extensive gigcie

A significant factor to take into account is topaginy which may also have been
responsible for some of the apparent local diffeesnacross the study areas. Local
topography provides the conditions for snow accatnuh, especially from wind-drifting

of snow. Variations of the ELA values in each oé #tudy areas are also related to the
differences between altitude and size of the actation area and the shape and aspect of
each cirque, resulting in ELA gradients from wesetst during the last three major ice
advances (LLGM, LGM and YD).
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6.7 Summary

Numerous studies have shown that terrestrial Eunaplea clear response to the changes in
the North Atlantic circulation and the subsequeagakening of oceanic transport of heat to
higher latitudes. However, the amplitude of thepogse was recorded in different ways
across the continent. The highest climatic sensjtioccurs in areas closer to the North
Atlantic where glaciers advanced more, forming nvassce sheets that subsequently
influenced the global sea level and conditionedcthmeate. Further south and east, smaller
glaciers advanced from high mountain environmentgtds the lower valleys. In spite of
the coupled ocean-ice-atmosphere-biosphere systeminsights gathered from various
proxy records support a strong temporal variabiditross the Northern Hemisphere in
terms of maximum cold and aridity and maximum icéume at various sites. The results
presented in this thesis indicate dissimilaritieserms of driving forces and magnitude of

changes during stadials.

The European atmospheric disturbances during thalgliDevensian (=MIS 3) are less
known than the subsequent LGM climate. A warmemate and increased atmospheric
moisture during MIS 3 led to the maximum expansibice in areas located further south
and east of the retreating Scandinavian ice shidetre are an increasing number of
European areas where climate reconstructions iteditet the ice masses were at their
maximum extension during MIS 3. The glacial recandthe Romanian Carpathians
supports this discrepancy in the glacial dynamasss the continent, emphasizing that the
regional climate may be the controlling factor the glacial response may be influenced
by the local conditions. The warming of the Eurapeantinent was counteracted by the
cold Siberian airflows which allowed the glaciers mountain regions to reach their

maximum position during the middle part of the Igistcial cycle.

Large scale reorganisations of oceanic and atmaospbieculation in the North Atlantic

Ocean resulted in renewed cooling over Europe duhe LGM. Fluctuations of the Polar
Front triggered changes in the transmission ofcthmeatic signal from the high latitudes
towards the mid latitudes. The main climatic cherastics of the LGM were the high
amplitude north-south temperature gradient caugetthdo more southerly repositioning of
the Polar Front and a west-east precipitation gradirom the Atlantic Ocean towards

eastern and southeastern Europe. The continuousatrebf ice in the Romanian
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Carpathians, even during the LGM, was caused bton@ starvation of the area due to
the build up of the NW European ice sheet (inclgdire BIIS).

A more restricted glaciation during the Younger &wystadial led to more or less
synchronous events across the Northern Hemisphé&e.more northern position of the
Polar Front allowed the wet and cold westerly witmlseach all areas, from the Scottish
Highlands to the Romanian Carpathians, at simifaes. It was a faster and more rapid
transmission of the climatic signal from the NoAtiantic region. However, there was a
similar west-east precipitation gradient as smadlerfields were formed towards southern

and south-eastern areas.
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7.1 Conclusions

This thesis has constrained the spatial and terhpatant of glaciations in two areas of
Europe: the Monadhliath Mountains in Scotland amel Rodna Mountains in Romania.
Surface exposure ages in this study are the firsttddating obtained in both study areas
and provided significant information on the timing Devensian glacial events. The
reconstructed palaeoenvironments improve our utalesg of European atmospheric

circulation at the end of the last glaciation.

* Mapping of the glacial erosional and depositioraddforms in the south-eastern
Monadhliath Mountains has allowed identificationtwb phases of glaciation. The
19Be exposure ages indicate deglaciation of the Dasensian ice sheet at 15.1 ka
(n = 2). Moraines in three Monadhliath cirques waeposited between 11.8 ka and
9.8 ka (470 — 600 m) suggesting that a glacial vaace occurred during the
Younger Dryas stadial (n = 9). A plateau ice fidked the cirque glaciers

contributing to this readvance, especially in thestern valleys.

» Geomorphological mapping has established the estedtpattern of glaciation in
the northwest part of the Rodna Mountains. Durhmglast local glacial maximum,
ice reached lower elevations than had been previcuggested, as boulders were
abandoned between 37.2 — 26.6 ka at an elevatie@d m (n = 4). The retreat of
ice towards higher ground during the Lateglacialuoed between 18.1 — 13.2 ka
(1100 — 1800 m altitude) based on erratics anddaédsamples (n = 27). The final
deglaciation took place in the cirques at 12.5.2Xka (n = 8).

 There is a spatial and temporal difference in tdgaace and retreat pattern
between the Scottish Highlands and the Northern &aam Carpathians. Located
in the NW part of Europe, Scotland was influencgdMetter and colder conditions
from the North Atlantic region which resulted irettbuild-up of the large BIIS,
leaving a significant imprint on the landscape. iBgrthis time, outside the
European ice sheet limits smaller ice advancesromd¢uAs the amount of glacial
modification to landscape is proportional to icdckhess and topographical
constraints, the small mountain glaciers in the Rioian Carpathians have left a

limited geomorphological record.
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* The maximum advance of the European ice sheetgltiia last glacial cycle did
not occur synchronously with the Last Local Gladddximum (LLGM) inferred
from other areas in Europe. As part of the Britisbh ice sheet, the Monadhliath
Mountains were deglaciated at ca. 15 ka, at sintittaes as the rest of the north-
west European regions. However, the last local mawi glaciation in the
Romanian Carpathians was asynchronous to glolmaat#i records, as deglaciation
in the Rodna Mountains occurred before ca. 37rkplying an earlier LLGM. This
earlier maximum advance of ice indicates that thsponses to the climatic

oscillations in the North Atlantic region were velijferent across the continent.

* The palaeoenvironmental context which caused timpaeal and spatial difference
in the build up of the last continental ice sheatsl mountain glaciers can be
understood only through reconstructing the pastoapheric circulation patterns.
At the maximum extent of the European ice sheet,pblar front was probably
located in a more southern location. The combinatb the polar front and the
subtropical air flows from NW Africa may have trigggd cyclones in the western
Mediterranean. A strengthened moisture bearingteiam could have continued
eastward across the Mediterranean, splitting amerging north-northeast and
supplying moisture to various parts of Europe. Hesve the branch flowing
towards Romania would not deliver moisture to tleslia Mountains because of
blocking by the eastern Siberian high pressureesysind the very cold and dry
conditions associated with that system.

* The cooling during the Younger Dryas stadial waseniikely synchronous across
the European continent due to a more northerlytiposof the oceanic polar front
in the North Atlantic region, which allowed for @tiger moisture-bearing winds
from the west to reach most of Europe at the same. Winds blowing over sea
ice in Greenland and the North Atlantic region aegted the increased cooling

over the whole continent.

* The strong west-east precipitation gradient betw®erstland and Romania during
the last glacial advances is supported by the E&€€omstructions in both study
areas. Northwestern Europe received more predipitass it is located closer to the
Atlantic Ocean. This indicates that precipitatio@mdhan important role in
controlling ELA changes. Temperature acted as tlannatmospheric control
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which sustained the glaciers in high elevated aleeasted further away from the
Atlantic.

7.2 Future considerations

The research described in this PhD thesis repesergignificant contribution towards
establishing the environmental conditions in Euraleing the last glacial cycle. This
study has established a good chronology for thettiSboHighlands and Northern
Romanian Carpathians and the most likely scenaridhe atmospheric circulation during

the maximum extent of ice sheets and glaciers.

Until recently, past climatic changes were thougghtoccur as a response to a smooth
atmospheric forcing. However, new evidence fromiotes European locations has
gradually changed this view. The interlocking climmaystems that drive glacier change is

complex and further in-depth investigations inte gimatic response are needed.

Although the changes in the North Atlantic havggered climatic fluctuations from north-
western to south-eastern Europe, different magegudf climate change occurred in
response to interaction with the easterly airfldvesn central Asia acting together with
local factors. The complexities and uncertaintiesthe transmission of climate signals
highlight the need for more palaeoenvironmentadistito provide a clearer picture of the
atmospheric circulation spanning high latitude mrae climates and lower latitude
continental climates. This thesis has establishedl the past atmospheric circulation in
Europe was different than of today, its distinctdgamics in the Romanian Carpathians
generated by the location at the bifurcation ofesalclimatic influences: oceanic (W),

Mediterranean (SW) and continental (E).

The Carpathians are also located mid-way betweemtbst responsive area to climate
oscillations in the North Atlantic (Scotland) anftetleast responsive area to the same
stimulus (continental Asia) and they can providgamant information in understanding
modes of operation of climate across substantghdces. At present, the main difficulty
lies in a lack of sufficient records of glacial emt and timing in the southern Romanian
Carpathians, and the next step is to improve thg-term glacial chronology in more
Romanian mountains. Establishing the glacial hystwrer the whole Carpathians chain
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would allow the identification of the strongestlugncing factors and their role in the
regional distribution of temperature and precioiat The comparison with other
neighbouring areas, such as Ural, Caucasus, Tutkagine, could be used to understand

wider issues of glacier—climate relationships.

These reconstructions and comparisons are cribegroviding the boundary constraints
for future numerical simulations which can be usedddress a series of key questions, in
order to clarify the climatic changes that indudkd past cyclical growth and decay of
glaciers, their long-term behaviour, the patterd gaographical extent of ice build-up and
the asynchronous timing of maximum ice extent iis fhart of Europe. More empirical
data against which to test climate models is reguito increase confidence in the

capability of the models predicting future climateanges and their impacts.
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Appendix A Laboratory procedure

Introduction

This is the procedure for preparing very pure quakparates. Most silicate minerals
dissolve faster than quartz in diluted HF and canetthed away to leave a very pure
quartz residue. Some quartz is lost - usually ~bd%oarse-grained fractions (500-8p)0
and up to 20-30% of fine-grained fractions (250-p)0lt is difficult to get good yields

from this procedure using grain sizes <250

Some minerals will not dissolve (e.g. garnet, zircaitile, ilmenite). Fortunately, except
for garnet, these are trace constituents of maststoMuscovite is the only other common
mineral that causes problems. It dissolves at ath@usame rate as quartz, so the procedure

won't concentrate quartz relative to muscovite.

An initial heavy liquid separation will remove gatrand muscovite (as well as most other
mafic silicates and oxide minerals), if presenbweéver, not all rocks need to be processed
in heavy liquids before HF treatment. Small ameuwsftzircon, ilmenite, etc. in the final

sample do not cause problems in the Al-Be extraattfeemistry.

The HF leach has the added advantage of dissothi@goutermost shell of the quartz
grains, as well as etching cracks, where any cadntgion by meteoric®Be would be
concentrated.

Crush and sieve

Notes: This process is used for surface samples and esldldm gravel pits. For sand
samples, dry the sample in the oven overnight leed@ving it - crushing is not necessary.
Separate surface samples into two batches befaighing. Samples from gravel pits
should be split after crushing and/or sieving. Quiethese "splits" can be saved as
insurance against mistakes. Weigh each clast frobble gravel pit samples before

crushing, and record their masses.

1. Select two sieves and clean them thoroughly witliush and a dissecting needle.
The goal is to eliminate polymineralic grains, $@ tcoarser sieve should have

openings somewhat smaller than the average crsigelin the rock. Use a 0.5 or
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0.25 mm screen for the finer sieve. For coarseigraamples. The ideal grain size
is 0.25-0.50mm.

2. Clean the jaw crusher and pulverizer thoroughhhwitwire brush. Be sure to clean
the catch trays for both the crusher and the pizdger

3. Set the crusher jaws about half a centimeter aptake sure that the catch tray is
in place. Crush the sample and pass it througlsithees. Put a magazine or piece
of wood over the top of the crusher so that samméeerial does not fly out and hit
you.

4. Sieve the sample to remove the grain size you w&rushing the sample again
will crush the grain size you want. This will rexduthe amount of the grain size
fraction you want.

5. Reset the crusher jaws so that they are two oethmélimeters apart. Collect the
material from the upper sieve and crush it agaien fpass it through the sieves.

6. Set the pulverizer discs about two millimeters apRass the sample through it, a
few grams at a time, and pour it through the sieyamin, make sure that the
catcher tray is in place before pouring in the demp

7. Repeat the last step two more times, each timergpe result through the sieves
and putting only the too-coarse fraction back i pulverizer.

8. Reset the pulverizer discs to be about a millimagart. Pass the sample through
the pulverizer and pour it through the sieves.

9. Repeat the last step two more times, each timergpste result through the sieves
and putting only the too-coarse fraction back i pulverizer.

10.Reset the pulverizer discs to be very close togetPass the sample through the
pulverizer and pour it through the sieves.

11.Repeat the last step two more times, each timergasee result through the sieves
and putting only the too-coarse fraction back i pulverizer.

12.There should only be a few grams of sediment reimgion the coarser sieve.
These grains will be mostly flakes of feldspar amida. Pour these into a sample
bag over a clean tray and label the bag with thgoeganame and the grain size.

13.Pour the desired grain size fraction into anotl@n@e bag. Again, label the bag
with the sample name and the grain size.

14. Also pour the fine fraction into a third sample pagd label the bag.

Rinsefines

1. Write the sample name on a baking tray.
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2. Pour the sample into the tray slowly.
3. Add enough water to fill the tray about two-thifdd. Pour off the water.

4. Repeat the last step (as many as 10 times) ustdeélcanted water is clear.

Quartz cleaning procedure

Pre-treatment

(1) Pour about 60 grams of sample into a glass beaker.
(2) Wash the sample with water to remove the remaifimes.
(3) Under the fume hood and wearing gloves add enoggh eegia to cover the sample.

(4) Place the beaker on a hotplate on low setting amdrdat with a watch glass. Stir the
sample; if gas evolves after stirring be very aarefith heating applied to sample as
gas may get trapped in sample’s layers having aplésive” effect. Leave the

sample overnight.

(5) The next day stir the sample. If solution getsoxeélr and grains lighter go to step 6;
if not heat the sample longer and at a slightlyhbigtemperature. Bubbles will

evolve.

(6) Cool the beaker and carefully pour the acid inte Hazardous waste container

without loosing sample.

(7) Rinse the sample several times with water and disitee liquid into the hazardous

waste container. After thorough rinsing, solutibw@ld be clearer and pH ~5.2.
(8) Once the sample is clean, dry it in the drying oven

(9) Once samples are dry bag them up.

Acid neutralization

Notes: Mix the sodium hydroxide solution several hourgobe you will need it. When
sodium hydroxide dissolves in water, it releasdsteof heat. If you pour hot sodium
hydroxide solution into a waste acid carboy, yoll mieathe the acid vapour. If you can

see vapour coming out of the waste acid carboy wioentake off the lid, or if the waste
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acid carboy feels very hot, stop! Put the lid IdpsEn the carboy, put the carboy in the

hood, and come back a few hours later.

Put the empty sodium hydroxide carboy in or nearftime hood.

Put the sodium hydroxide bucket in or near the fumed, and ~20 scoops of
sodium hydroxide flakes into the carboy. Add ~1@vater to the carboy, stir by
shaking the carboy in a circular motion, wait savéours.

Put the waste acid carboy in the sink. Add a bipldfpaper to make sure that the
waste is acidic.

Give the cap of the sodium hydroxide carboy aboailf la turn to the left,
counterclockwise. Otherwise, sodium hydroxide sofutvill run down the outside
of the carboy when you try to pour from it.

Turn the waste acid carboy so that you can cleset/the graduations on its side.
Pour in about half a liter of sodium hydroxide smo for HCI/HNG;. For
neutralizing HF/HNQ, use less than 100ml the first pour.

Replace the lid on the waste acid carboy and roicka circle for at least a minute.

7. Check the pH.

8. Repeat steps 7 through 9 until the pH becomesthielpH becomes too basic, add
some waste acid until it reaches 7.
9. Turn on tap water and pour the neutralized acidrdtive drain, and then clean off
the outside of the waste carboy.
10. Let the tap run for about five minutes to flush axeytralized acid that may be left
in the drain.
Rinse and dry
Notes. Make sure that there is a good supply of sodiunrdyide solution and plenty of

room in the waste acid carboy, before beginning.nbbpour the aqua regia mixture into

the hydrofluoric acid waste carboy. The first fet@ps should be done in or near a fume

hood.

Put the waste acid carboy into the fume hood awerdhe glass to working height.

2. Decant the acid from the 4 L beaker into the wastd carboy.

Add DI to the beaker, being careful to suspendhadigrains, and decant the water
into the waste carboy. To avoid contaminating #x@@e, do not touch the rim or

inside of the beaker.
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4.

Repeat the last step at least three more timeantirthe decanted water is not
obviously yellow.

Remove the beaker from the fume hood and put & sink with a DI tap. The
decanted water in the remaining rinses can be pgaloen the drain.

Rinse the sample with deionized water at leasédiif and possibly more than
twenty repetitions will be needed.

Transfer the sample to a 1 L beaker and put ihénaven to dry.

8. Neutralize the acid in the waste carboy with sodhymdroxide.

Magnetic separation

. This step can either be done before or after thialimoller leaching. If there is not

much sample material it is best to do magnetic regjoa after the initial leach.
This is because the quartz grains will become #ethdrom the host mineral

during the physical and chemical abrasion of tileréeach.

. Pour the dried sample through a funnel stuck betwibe arms of a powerful

magnet before passing it through the magnetic aggaiSave the magnetite grains
in a sample bag. Label the bag with the sample némeegrain size, and the word
"magnetic.”

Clean the magnetic separator with the wet/dry vacuRay special attention to the
loading hopper, the loaf pan trays, and the brusiteuthe wheel. Vacuum first,

and then blow out the brush and the gap betweemé#umet and the wheel.

Turn on the magnet and the wheel. The magnet shavd a current of about 4.0.

5. The magnetic grains will come out of the two chutesthe left, while the non-

magnetic grains will come out of the rightmost eéRlace two loaf pans to catch
the magnetic and non-magnetic grains separately.

Turn on the vibrating hopper. Adjust the flap betwéhe two chutes on the bottom
right so that the nonmagnetic grains go into tlghtmost chute only. Use the
plastic shield to prevent grains from flying outtbé separator.

Pour the magnetic grains into the sample bag. 8&/aonmagnetic grains in a bag

labeled with the sample name and the words "Learhadua regia; nonmagnetic.”
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Heavy liquids separation
You need...

250 ml separatory funnels
Ring stands

LST density 2.7

Recovery dish

Recovery flask

Coffee filters

Pure water

Hot plate

1L beakers

10.Squeeze bottle

© © N o g s~ wDdPE

11. Millipore filtering system

1. Put a separation funnel in the wire ring over aKlavith a ceramic filter funnel.
Arrange a coffee filter in the filter funnel to chtthe drippings from the separation
funnel. Make sure the stopcock of the separatiomdlis closed. Pour in enough
heavy liquid of the appropriate density to fill theanel to the "Mexico" mark, or
about two-thirds of the way from the stopcock te widest part of the funnel.

2. Pour ~60 grams of sample material into separatomndl containing 2.7 density
heavy liquid.

3. Let the funnel sit until any grains which are fadithrough the sediment-free heavy
liquid near the bottom of the funnel have settlEldis may take fifteen minutes to
several hours. The smaller the grain size, thgdothis step will take.

4. Turn the stopcock 90 degrees, so the handle iseimith the discharge spout of the
funnel. The heavy minerals will pass through thgpsock and collect on the
coffee filter. When draining the heavy mineralsse the stopcock quickly as soon
as the heavy minerals are discharged so as nobse too much heavy liquid. The
more liquid there is in the separatory funnel, ¢asier the minerals separate. Do
this several times or until no more heavy minesealsle.

5. Add 15 drops of water to the heavy liquid and dgptlty. To do this, use a squirt
bottle and squirt water on the cap of the sepaydtornel. Let the drops form on

the cap, and as they fall off, count and recordhenside of the glass funnel. Shake
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the funnel vigorously a few times over a catch hakieep a tally on the funnel of
how many drops you have added and how many timeslyake it.

. NOTE: Be sure to loosen the cap in the separdtomgel. Failure to loosen the

cap after shaking will result in the cap being ‘&l in by the dried heavy liquid.

In this case, add a few drops of water arounditheof the cap where it touches the
separatory funnel. Do not push on the cap or pryt@any way, the funnel may

break! Let the water do the job. Only try to tintlse cap.

. Repeat steps 3 and 4 with the 15 drops of watdrthi& point most of the heavy

minerals have fallen out. Add more drops of w&esr 3 at a time and shake.
Drain as necessary. At this point quartz withusadns will be separated. When

the quartz sinks the lighter minerals will float tmp of the solution

. Rinse the coffee filter with pure water and say#vith the heavy minerals. Replace

it with another filter.

. Drain the quartz separate into the clean cofféerfibeing careful not to drain the

lighter minerals. This step may take several tri€ve the quartz enough time to
re-settle before draining more. Rinse the quaitl plenty of water to remove all

the heavy liquid.

Place quartz in a clean PP bottle in preparatiorultva sonic leach. Be sure to label the

cap and bottle.

HF leaching

(1)

@)

3)
(4)

Using 500ml bottles designated for HF leaching gfanup to 60 g of sample per
bottle. Weight the bottle before the transfer; téwebottle’s weight and weight again

after samples’ transfer -to monitor samples’ mass.|

Under the fume hood make up a less concentratadi@olof HF + HNQ. All

leaches except the last one are prepared with R€r whe last one with MQ water.
Fill the sample bottle with the solution to witi2rcm of the top.

Gently squeeze the bottle before capping. Thissgihe contents room to expand
when the bottle heats up. Also, loss of vacuunh alért you to the possibility that
the bottle has leaked. Check that the bottle istliigsealed and holding its slight

vacuum.
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(5)
(6)
(7)

In the fume hood, gently invert it 3-4 times to rttve contents.
Mark the bottle to indicate how many times it hagsib processed.

Place the bottle in the ultrasonic bath for 72 koapplying heat and ultrasound 3
times per day for a period of 99’ each time. Mie ttontents of the bottle several

times during sonication.

After the first 3-days, change the solution asoiol:

(8)
9)

(10)

(11)

Cool the bottles (if they are warm).

In the fume hood, uncap the bottle and discard sthletion into the HF waste

container. Be careful not to pour out the sample.

Rinse the remaining grains thoroughly with 2 changleRO water; decanting off the
rinse water into the waste acid container while afay or fine, milky fluoride

precipitate is still suspended, but after "fine dasized grains have settled. Don't
worry about losing some of the very fine grainslesa the sample is unusually

small.

Add the HF + HNQ solution to the bottle just like in the first ttegent and repeat

the 3-day processing for a second time.

After the second 3-days, check the appearanceeafaimple as follows:

Pure quartz samples have a uniform appearanceandtccake on the floor of the bottle.

Impure samples usually appear speckled and magicoatcloudy fluoride precipitate.

If the sample does not appear pure, repeat theeBéhing for another 3-day period with
HF + HNG;in RO water.

Sample recovery

After the last leach (in MQ water) has been carpetlin a pure quartz sample cool the

bottle.

In the fume hood, uncap the bottle and discardthetion into the HF waste container.
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Rinse with at least 3 changes of MilliQ as aboviey to rinse away any trace of milky
fluoride. The rinse water must be clear (and alist} free of residual HF).

Dry in the oven.

Cool the samples and transfer them - with the bélfunnels - to a labelled ziplock bag.
Weight the bag before and after sample’s transfier record the weight of sample and

number of leaches carried out.

Aluminium Determination from a Mineral Aliquot (MA)

To assess the purity of the quartz we determineatbminium content of the cleaned
separate. It is essential to obtain the lowestiples#al concentration. The higher the Al
concentration, the lower th&Al/%’Al ratio for measurement, the fewé?Al nuclides
counted and the worse the counting statistics.Allmncentration should preferably be in
the range 10 - 100 ppm. A higher concentration gelyg(though not always) indicates the
presence of an impurity such as feldspar, muscavit@n insoluble fluoride residue from
the quartz clean-up (e.g. MdFe).

Procedure

Static charge should always be removed before weigh

1. Label and weigh a Teflon vial and lid on the 4-figubalance. Record the tare weight
on the sample data sheet. Using a stainless siatlla, transfer few g of the sample
into the vial. Replace the lid and record the Weig he amount of sample is not too
critical, but its weight must be recorded accusatBle careful when replacing the lid,
as static charge may cause small grains to jumgntgthe lid or out of the vial. Clean
the spatula with a kimwipe (+ethanol) before ustrfgr the next sample.

2. When all the samples have been weighed into vaglsn the vials in a fume hood and
add few ml of conc. HF and few drops of dilutegb@), to each.

3. In the fume hood, place the open vials on the eddbe hotplate at low setting for 8
hours (overnight). Keep track of which lid belonigs which vial. The quartz will

dissolve as the solution slowly evaporates. Aftealtdissolution has been achieved,
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increase the heat to fume off HF$0,. Do not overheat the small flat-bottomed vials,
as solutions will boil and damage the hotplate auef Tilting the hotplate a few
degrees by propping up the front will ensure tlmnat $olid fluorides crystallise as a

small clump in one "corner" of the vial.

4. Once all the HF/ EBO, has evaporated, the residue should be a dry, bepeck,
containing a few hundred pg total of Al, Fe andflliorides. If any quartz remains
(usually only if the original sample was very caagsained)cool the vials and repeat

the procedure with further HF ang$0, solutions.

5. Cool the vials. Dissolve the dry residue in dititdNO; and HCI if sample will be
analysed by AAS. If sample will be analysed by IOBS dissolve in diluted HN$
Use the Eppendorf 1-5 ml adjustable pipettor amdattachment dedicated to diluted
HNOs. Cap the vials with their original caps and leawestand a few hours. The
fluorides should dissolve totally to give a clear perhaps faintly green) solution.

6. Invert the capped vials a few times to homogerhgesblutions, then weigh and record
the vial + solution weights. Decant the solutiont® labelled centrifuge tubes and

send them off for analysis.

7. The expected concentration of Al in pure quargli60 ppm.

Carrier Addition and Sample Digestion

Our aim is to extract Beryllium from the quartz gdenand to measure the 10Be/9Be ratio
using AMS. However, Be is a very rare element iartu Therefore it is necessary to
spike the sample with a known quantity of 9Be. &hme of spiking is that we can trace the
movement of the Be through the processing and ttatvery low concentrations of
naturally occurring Be will follow the same paththe added Be. Also need to end up with
enough Be to generate an ion beam in the AMS. Qisiyowe do not want to introduce
10Be to the sample since this is the nuclide wergieg to measure. For this reason we
have Be carrier solutions with known concentratiohBe. It is critical that a low-level
carrier is used for samples with potentially lowdks of°Be.
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Procedure

Sample weighing

1. Label, remove static (by wrapping bottle in foilpega or using the anti static

cathode) and weigh a clean FEP Teflon bottle (@ettlid). Make sure to use a bottle large
enough to contain the HF addition. Record the tmegght on the sample data sheet.
Transfer the sample to the bottle. This is bestedaith the help of a funnel (one per
sample). It helps to reduce static if bottle is ppd in foil paper when transferring the

sample. Some grains will charge and cling to thifldwalls. No problem. Cap the bottle.

2. Remove static and re-weigh. Subtract the bottle tar determine the sample

weight.

Be carrier addition

1. Take the current Be carrier bottle, invert it a fimves to homogenize the solution.
Be sure drops of condensation around the lid aseeanin. Remove static (by wrapping
bottle in foil paper or using the anti static catepand weigh it. Record the initial weight
in the blank sample log sheet (and if possiblefioonthat it equals the final weight from

its last use).

2. Load the 1000 ul Eppendorf pipette with a cleanatid uptake the Be carrier. Be
sure the tip does not touch anything while handling pipette. If the tip does touch

something, discard it and take another.

3. Start the Be carrier addition with the blank samgfieghe batch. Open the sample
bottle.

4. Tare the balance to zero. Remove the carrier, dpand pipette carrier into the
sample bottle. Eject the carrier smoothly, beinge swt to leave a drop in the tip. If this
happens, uptake MQ water and dispense over thelsamgnsure all carrier is added.
Don't allow the tip to touch the sample bottle. &ed¢he carrier bottle as quickly as
possible, remove static and re-weigh it. The badamitl read the weight removed. Record

the weight and the Be concentration of the car@alculate the Be added.

5. Repeat the process from point 3 until Be carriexdded to all samples.
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6. At the end of each session tare the balance toaret@ecord the final weight of the
carrier bottle in the blank log sheet for crossetivey. Check that the cap is screwed on

firmly and seal it with parafilm.

Sample digestion

1. In fume hood, wearing gloves and goggles, add Hifo(each sample bottle. Also add
HF (c) to the blank bottle.

2. Cap the bottle, tighten the lid down, then bacsfit~1/4 turn. The bottle must not be
gas-tight (check by squeezing it gently).

3. Once the reaction has subsided (usually 1-2 hoilms)ottles can be placed around the
edges of the hotplate set on a low temperatur@y ©hly need very gentle warming to
ensure overnight dissolution. From this pointthiey can also be swirled occasionally
to mix HF down into the dense§liFs forming around the quartz grains.

4. Once all the quartz has been dissolved turn ofhtitplate and cool the bottles to room
temperature. The time required for dissolution emrdepending on sample. 30 g of
pure quartz may take up to 3 days; 60 g may takiays. If solution seems to be

saturated (dissolution goes very slowly) add moFe(¢) to sample.

5. Tighten the caps, being wary of any droplets ofdemsation inside the screw threads

that might be squeezed out onto the surface dbdkiée.
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Splitting for Aluminium Determination

Accelerator mass spectrometry does not providelaigsealues of nuclide concentrations
in the sample. Rather AMS provides a ratio betwten cosmogenic nuclide and the
stable nuclide occurring in the sample but not poedl by cosmic ray interaction. For
example, AMS gives us tHf8Al/?’Al ratio, where®®Al is the cosmogenic nuclide aftAl
the stable, native aluminium in the sample. Theefoto determine the actual
concentration of cosmogerfitAl in the sample we need to know tHAl concentration in
the sample. Because cosmogeffAl is so rare we can estimate the staBlal
concentration by measuring the total Al in the singolution (parent solution). Total Al

in an aliquot of the parent solution is measuredds.

Procedure

1. Homogenize the solutions by swirling and invertitig bottles to mix in HF
condensed around the top of the bottle. Total sarAptoncentrations will be determined

from splits (aliquots) of these solutions, so thayst be thoroughly mixed.

2. Weigh the bottles. For all but the smallest samplegll be necessary to use the

top-loading balance. Subtract the bottle tare weagid calculate the total solution weight.

3. For each sample calculate the expected Al cdrateon (ppm) of the parent
solution and use this to calculate the amount oémasolution required to obtain a 10ml

solution with 3ppm Al.

4. For each sample, take a Teflon vial. Label, neensiatic, weigh the vial and record

the weight on the sample data sheet.

5. In the fume hood; open the vials; open the sarbpttle. Using a pipette transfer

the calculated amount of parent solution into eaah Remember you are transferring HF.

6. Without rushing, but as quickly as possibleselthe vials. Weigh them and record
the weights. Calculate the weight of each split.

7. After splitting each sample, the aliquots candoed down to remove HF in
preparation for ICP-OES analysis. Transfer aliquatsk to the fume hood, taking care not
to splash liquid into the lids of the vials. AdoMelrops of H2SO4 to each and dry on the
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hotplate. A small dot of liquid or a precipitate feé-Al-Be-Ti alkali salts should appear in
the base of each vial after evaporation.

7. Cool the vials. Dissolve the dry residue in @ithHNO3. Use the Eppendorf 1-50
ml adjustable pipettor and the attachment dedictiatiluted HNO3. Cap the vials with
their original caps and leave to stand a few holing fluorides should dissolve totally to

give a clear (or perhaps faintly green) solution.

8. Weigh and record the vial + solution weights.

9. Invert the capped vials a few times to homogetie solutions, decant them into
labellel centrifuge tubes and store in designatevdr. Prior to ICP-OES analysis an
aliquot of this solution will be taken out and YIMbe added as IS. This solution will be
analysed by ICP-OES to determine [Al].

Parent Solution Dry Down and Chloride Conversion

Successive evaporation and re-dissolution elimmétoride (as HF) almost entirely. Fe,
Ti, Al, Be, alkalis etc. should be left as chlorigialts ready for anion exchange clean-up.
The final solution will generally be coloured a deellow-green by Fe@l By the end of
this procedure, however, some samples may havemthadine, powdery, white precipitate
that will not re-dissolve. This is TKONo Al or Be is co-precipitated with the Ti, which
should be removed by centrifuging before movingmthe anion exchange columns.

Procedure

=

Carefully transfer the parent solution to a clead kabelled Teflon beaker.

2. Rinse the bottle with a few ml of MilliQ and addethinsate to the beaker. Take care

not to let any sample solution splash back ontdvewash bottle.

3. Using separate disposable transfer pipettes addhfewf diluted HCI and few ml of
diluted HNQ; to each beaker.

4. Switch the water pump on to allow water to reciatellthrough the system. Place the

beakers on the hotplate and dry overnight. For <tQGhe beakers will dry down in
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12 - 15 hours. Larger solution volumes may takeitdonger. When drying large
volumes droplets will condense on the rim of beskdo not worry they will dry off.
When dry, there will be a thin covering of white goay-green fluoride salts on the

floor of the beaker.

Fuming sulphuric

1. Transfer the sample (centrifuge if necessary) ®@Rh crucible using a disposable
transfer pipette

2. Rinse sample container with HCI (centrifuge if resagy) and transfer to Pt
crucible using the same pipette. Heat the Pt cleicib a temperature sufficient for
sulphuric acid to evaporate (whitish fumes). Thiitg point of sulphuric acid is 338 °C.

3. Once the sulphuric acid is gone, cool the sample.
4. Dissolve the sample in HCI; leave standing for boar and transfer to centrifuge
tube.

5. Rinse the Pt crucible with HCI and transfer to déuige tube. Repeat this step if
necessary.
6. Clean the Pt crucible.

To convert theresidue to chloride form...

5. Take the beakers off the hotplate and cool thensindgJa disposable pipette, add
diluted HCI. The cake should mostly re-dissolvetantaneously, and in most cases

will go back into solution entirely after warming ¢he hotplate.
6. Return the beakers to the hotplate and dry again.
7. Cool and repeat the HCI addition.

8. Dry again, cool and re-dissolve a third time, thake down as close to dryness as
possible. Try to avoid complete drying at the ehthis step, to make it easy to get the
sample back into solution for anion exchange. Dao'try if drying is unavoidable,

however.

9. Add diluted HCI to each sample container. Swirl ligaid to pick up and dissolve the
entire sample from the floor of the container. Leatanding overnight. Do not warm

to promote dissolution - evaporation will change #tid strength.
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10. After standing overnight (or at least a few I®)uransfer each sample to a labelled
centrifuge tube -using a clean disposable pipettedch sampléddd diluted HClto each
sample container and rinse. Swirl to pick up amgaming droplets of the original sample
solution. Pick the rinse solution up and add toirtl@propriate centrifuge tube. If
necessary — presence of Fi@moky white insoluble material) or other insoluble
particulates - solutions will have to be centrifdgkefore running them through the
columns. Spin the tubes at maximum speed for Xut@s and keep centrifuge tube with
residue material until results are obtained. Theefes used for each sample should be
reserved (in the original sample containers) fadiog onto columns. If sample is fully
dissolved, centrifugation is not necessary. The ptasncan be stored indefinitely in

centrifuge tubes.

lon Exchange

Anion exchange columns are used to separate remgamipurities such as Fe and Ti from
the sample. In strong HCI, Fe(lll) forms a rangeanionic Cl complexes (FeGl FeCk”
and FeG), which bind tightly to the anion exchange redihese can be seen as a brown
stain in the top few mm of the resin. Al and Bernat form strong Clcomplexes and wash
through the column as HCI is added. Titanium istariore problematic; Ti (IV) forms
TiCle”, which binds, but some Ti always seems to remaiivwic, form neutral species or
revert to Ti(lll), which doesn't form strong ‘Glomplexes. Ti is seldom 100% stripped
from the Al + Be fraction. Al and Be are split afd is further removed using cation

exchange columns.

Procedure for Anion Exchange Chromatography

(1) Load a column stand with ion exchange columnscePéaplastic container underneath.

(2) Squirt some alcohol (ethanol, isopropanol) intoheéa wet the frit (to eliminate

trapped air).

(3) Using AG-1 X8 200-400# anion resin from stock sagkin diluted HCI, pipette

a very loose slurry into each column (use a didplespipette). The aim is to block
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the column and back up a head of acid so thatekm bed can be built up from
suspension. This prevents trapping of air bubbles.

(4) Now continue slurrying resin into the columns taldthe resin beds. If too much resin
is added, a long pasteur pipette can be used tstatthe volume. Once the resin has

compacted to the correct height, allow the supamtab drain through.

(5) Wash the resin with few ml of diluted HCI. Allowedhwash solution to drain through

the resin bed.

(6) Condition the resin with few ml of diluted HCI. Adtie first ml by running drops
down the column walls - try to keep the top surfatehe resin bed flat to ensure
uniform flow through the column when the sampleadsled. The resin will darken

and shrink as it adjusts to the higher acid sttefigimay not be noticeable).
(7) Take a batch of Teflon vials and label them witmpke ID.

(8) Once the HCI conditioning solutions have drainedretully remove the plastic
container from beneath the columns and replace thigimTeflon vials. The HCI in

the container should be disposed in the acid wasttainer.

(9) Using separate disposable pipette for each sartipled centrifuged will already have
one), load the sample solutions onto the columni. De solution down the column
wall, reaching as far as possible into the colunith whe pipette. Do NOT pour the
sample into the column. Try to transfer the sangpientitatively. Try not to disrupt

the top surface of the resin. Return each pipeties tsample container.
(10) Allow the loading solution to drain fully into thresin.

(11) Elute Al + Be from the columns by adding few ml difuted HCI. The first ml
should be added carefully from a disposable pipsitas not to disrupt the top of the
resin bed. Allow to drain through before adding tmaining solution.

(12) Once Al + Be have been eluted, remove the vials rapthce them with labelled

disposable centrifuge tubes.

(13) If bulk Al removal is required continue with step§ and 17 and proceed with the
Al/Be fraction as indicated in the bulk Al remosaction.
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(14) If bulk Al removal is not required, add few dropgsdduted HO,to each Teflon vial.
Change of colour to yellow-orange indicates thes@inee of Ti in the fraction. Note

changes to monitor fractions during following saenpiep steps.

(15) If BULK Al removal is not required, add few ml oflagted H,SO, with a trace of
H.O, to each Teflon vial and dry on the hotplate owginhi Dry to avoid boiling the
sample. After dry down, proceed with the Al/Be fran as indicated in the section.

(16) Wash Fe + Ti off the resin with MQ water. Rinse and discard the sample and

dispensing pipettes. Rinse out and wash the samgpisfer containers.

(17) Rinse out resin and clean the columns.

To convert the residue to sulphate form

Once the samples have dried down they may turdaamimg dark-brown to black colour.
This is due to chary reaction products formed frarganics which bled from the anion

resin. Don’'t worry, it will disappear gradually avthe next few steps.

(18) Cool the vials. Add few drops of diluted,®. Add few ml of MilliQ water
containing a trace of $$0,. The cakes will begin to dissolve, taking on arbangold
color if Ti is present. Reheat the vials. The blabkry material will disperse and disappear

(do not worry if it does not happen straight awttig heat applied will help the dispersion).

(19) Dry the samples down again. TheQd oxidises the organics. It also indicates the
presence of Ti in the sample by turning the sotutiellow-orange. The darker the colour,

the more Ti is present.

(20) Cool the vials and repeat the®/MilliQ water addition, and dry the samples a
second time. At the end of this procedure, the $esnghould end up either as compact
white cakes; small, syrupy droplets of involatileSi: or orange/yellow syrupy cakes. If

they remain charry or discolored, repeat the peewater addition and dry them down as

many times as necessary.

(21) Take the sample up (as a cake or 1-2 drops) imféwf diluted HO containing a
trace of HSOy. Add few drops of diluted ¥D,. Leave overnight.

(22) If samples do not dissolve completely after leavavgrnight warm them a little.
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Don't risk evaporating too much water — keeping @bl strength low for column loading
gives a sharper elution and cleaner Ti-Be cut.

(23) Transfer sample to a labelled centrifuge tube. Adirther ml of diluted EBO,
with a trace of HO, to the sample containers and rinse. Swirl to pipkany remaining
droplets of the original sample solution. Pick these solution up and add to their
appropriate centrifuge tubes. If necessary (disgwlus not complete) centrifuge sample
and keep centrifuge tube with residue materiall wesults are obtained. If sample is fully
dissolved centrifugation is not necessary. The $ssnpan be stored indefinitely in

centrifuge tubes.

(24) Samples are now ready for cation exchange to reriownd to split Be and Al

into separate fractions.

Procedure for Cation Exchange Chromatography

(1) Load a column stand with ion exchange columns. céPla plastic container

underneath.

(2) Squirt some alcohol (ethanol, isopropanol, whatéesesn hand) into each to wet
the frit.

(3) Using AG 50W - X8 200-400# cation resin from staiaking in diluted HCI,
pipette a very loose slurry into each column (usesposable pipette). The aim is to block
the column and back up a head of acid so that ¢iserrbed can be built up from

suspension. This prevents trapping of air bubbles.

4) Now continue slurrying resin into the columns taldbdhe resin beds. If too much
resin is added, a long pasteur pipette can be tosadjust the volume. If too thick a slurry
is added and bubbles get trapped in the bed, thenoomust be emptied and re-packed.
Bubbles will channel flow through the column anthrthe separation. Once the resin has

compacted to the correct height, allow the supamiab drain through.
(5) Strip the columns twice with few ml of diluted H@A different concentration.

(6) Condition the columns with few ml of diluted,$IO, (with a trace of KO,).
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(7) Once the HSQO, conditioning solutions have drained, carefully o the plastic
beaker from beneath the columns and replace thein lalelled disposable centrifuge

tubes to collect the Ti fraction.

(8) Using separate disposable pipettes for each, lbadsample solutions onto the
columns. Drip the solution down the column wallagking as far as possible into the
column with the pipette. Do not pour the sample itite column. Try to transfer the
sample quantitatively. Try not to disrupt the tapface of the resin. Return each pipette to

its sample container.

(9) Allow the loading solution to drain fully into theesin. If present, Ti will have

formed an orange band at the top of the column.

(10) Add few ml of diluted HSO, with a trace of KO, to the columns but pipetting the
first ml to avoid disturbing the resin. Allow toain through before adding the remaining

solution and watch the band of Ti move down theicwl.

(11) If not all Ti has been eluted, the elutant areopeland/or an orange band will be
present in the resin. In all cases (all Ti has beleted or not) add few further mis of
diluted SO, with a trace of HO,. If not all Ti is eluted make a note of the samgobel Ti
will be separated from fraction by precipitatingitpH 4.

(12) Replace the centrifuge tubes with labelled Tefl@isvto collect the Be fraction.

(13) Elute Be from the columns by adding few ml of deditHCI. The first few ml
should be added carefully from a disposable pipsitas not to disrupt the top of the resin
bed.

(14) Once the columns have drained replace the vials lafielled centrifuge tubes (use
the tubes that will fit in the centrifuge) to calteAl.

(15) Add few drops of diluted HN®(to dry off Boron, more drops may cause static
problems) to the Teflon vials. Dry them down ovghti

(16) Elute Al from the columns by adding few ml of diédt HCI. The first few ml
should be added carefully from a disposable pipsitas not to disrupt the top of the resin
bed. Once the columns have drained cap the tubdsstme them until hydroxide

precipitation.

(17) Clean the columns.
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Precipitation as Hydroxides

Befraction
1. Once the Be solutions have dried down (near dryasgsossible), cool the vials.
There should only be a small white dot or smalpdrothe bottom of the vials.

2. Add diluted HNQ to the vials. The Be should dissolve readily.tlfioesn't, you
can heat the vials to assist dissolution.

3. Transfer the solutions to labelled centrifuge tubes

4. Add another HN@to the vials, swirl it around and transfer thesarsolution to the

appropriate tube.

5. If Ti is present in sample use less concentrategHsolutions to bring pH up to
4. Ti will precipitate as hydroxide whilst Be wilemain in solution. Centrifuge the
solutions. Decant and collect supernatant (Beifrafin centrifuge tubes. Precipitate is Ti

hydroxide.

6. Using the NHOH solutions, bring Be solutions in the centrifugbes to pH 8 (8-
8.5) to precipitate Be as a hydroxide. Additionaoimonium hydroxide may have to be
drop by drop with pH checks in-between. Leave thes$ standing for a few hours.

7. Centrifuge the solutions.
8. Decant and discard the supernatant into the acstietank.

9. Rinse the samples with MilliQ water and few drogsNH,OH added to the
centrifuge tubes.

10. Disperse the samples by vortexing (until precipiiatre-dissolved).
11. Centrifuge again.
12. Decant and discard the supernatant into the acstienank.

13. Repeat the MilliQ + NHOH rinse three times (in total).
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Drying and Oxidation

1. Carefully open the centrifuge tubes containingBleehydroxides and lie them on a
kimwipe in the drying oven. It helps to put a faddemwipe under thepenendsto keep
them slightly elevated. Keep track of which liddreys to which tube. Cover the tubes

with a kimwipe and dry overnight.
2. When dry, cap the centrifuge tubes with their retipe lids and let them cool.

3. Weigh a cleaned quartz crucible and lid to 4 detptaces. Place the crucible into
the perspex holder. On a piece of paper write dtvenrelative positions of the quartz

crucibles and the Sample ID of the sample whichaltransferred into them.

4. For Be hydroxides: In the Be box, wearing a new paigloves, and a face mask,
pour the small pellet of dried Be hydroxide overl@an weighing paper and transfer it to
the quartz crucible. Use the help of a spatulbéffiellet does not come off the walls of the
centrifuge tube easily. If you experience problemitt static electricity; use the anti-static
device or wrap tubes with foil paper. Pour the gietiver a clean weighing paper and
transfer it to the quartz crucible. Cover the quarucible with its respective quartz lid.
Place the crucibles in their position in the Pexspg®lder. Avoid sample cross

contamination.

Mixing and pressing unknown BeO samples

1. Place a clean cathode inside the anvil assembly.

. Weigh the required amount of Nb powder needed Hier sample. Half of a weighing
paper can be used for this purpose and can beerktosweigh Nb for the following
samples until it becomes difficult to remove the fiidm it.

3. Record the weight in a piece of paper.

. Remove the sample (crucible and lid) from stanagishe tweezers. Pass it through the
antistatic cathode and place on top of the weigpeyger.

. Take the weighing paper containing the Nb to thedood place on a secure place.

. Take a quartz pestle and make a “skirt” using ttpgase pieces of foil paper. Leave
carefully beside the acrylic stand and remembewtad cross-contamination.

. Remove the quartz lid and set aside.

8. Add the Nb powder to the BeO sample.
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9. Grind and try to homogenise the mixture, in thedtedf this process you can put the lid
on and pass trough the anti-static device again.

10.0Once the mixture looks homogenised transfer diyectlthe cathode (placed inside the
anvil assembly) with the help of the tweezers.

11.Tap the anvil assembly gently to allow the mixttaéunnel through to the cathode.

12. Transfer the anvil assembly to the press. It ial\ support the assembly — holding all
parts together- when transferring it for pressotherwise the sample may be lost.

13.Bring the needle down and apply ~125-150psi Pressuce the needle is inside the
cathode, turn anvil assembly 180 degrees and repeatot apply excessive pressure as
the cathode can be damaged as a consequence, nitakreghoval from the assembly
very difficult. Release needle holding the anvderably down.

14.Bring the anvil assembly down to acrylic stand, ropgee assembly and remove the
cathode with the help of the spanner.

15.Place cathode in the appropriate labelled eppemnialrf

16.1f there are no traces of BeO in the quartz lidaih be clean and re-use again but only
keep the lid if you are absolutely sure that theeeno traces of BeO; if in doubt, throw it
away in the BeO waste bag.

17.The quartz crucible should be disposed of in th® Beaste bag. Wipe all devices used
with alcohol a couple of times, the first wipe shibgo into the BeO waste bag.

18.Weigh the paper used for weighing the Nb and cateuhow much Nb was added to the
sample and record this weight in the table.

19.Repeat the process for the following sample. Oticgaanples are pressed place them in
a labelled bag and store them inside the cabinittbey are submitted to the AMS for

analysis.
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Sample details

Monadhliath Mountains

1. Field and laboratory information

, Longitude . Sample I Quartz Spike
No | LablID (I(;ngzi) (degrees Ele(vrﬁ;lon thickness S?;eclg)' Pg mass mass
E) (cm) (9) (H9)
1 | GBO7-01 | 57.0884 -4.2314 600 6 0.9945 24.779 243.05
2 | GB0O7-02 | 57.0884 -4.2314 579 2 0.9945 27.001 242.9
3 | GB07-03 | 57.0805 -4.2332 528 3 0.9980 | 31.093 242.7
4 | GB07-04 | 57.0805 -4.2332 528 3 0.9949 | 26.609 242.48
5 | GB07-05 | 57.0567 -4.0567 362 3 0.9990 | 26.174 233.5
6 | GB07-06 | 57.0557 -4.2220 362 3 0.9990 | 25.897 242.91
7 | GBO7-07 | 57.0794 -4.2558 655 3 0.9938 26.125 2335
8 | GB07-08 | 57.0794 -4.2558 655 3 0.9938 26.365 236.7
9 | GB08-12 | 57.0854 -4.2306 520 3 0.9963 23.768 235.7
10 | GB08-13 | 57.0853 -4.2298 520 3 0.9963 23.986 235.1
11 | GB08-22 | 57.0643 -4.2394 470 4 0.9974 | 24.218 245.8
12 | GB09-23 | 57.1194 -4.1671 755 4 0.9852 | 21.432 233.9
13 | GB09-24 | 57.1196 -4.1668 755 3 0.9872 | 20.733 242.2
14 | GB09-25 | 57.1158 -4.1548 646 2 0.9898 | 21.783 233.7
15 | GB09-26 | 57.1154 -4.1549 641 2 0.9959 25.327 238.2
16 | GB09-27 | 57.1147 -4.1555 634 3 0.9959 26.465 238.9
2. AMS measurement ratios and *°Be concentration
Bel10/Be N10
Cathode | 10B&/9Be | error procedural | ,Srror (x10* | N10
No (x10/- (x107- (x107- STD
no 15) 15) blank 15) atom g- | error
(x107-15) 1)
1 b2833 137.75 4.03 7.5389 2.384 85346 | 3215 | NIST_30600
2 b2836 154.49 4.49 7.5389 2.384 88337 | 3191 | NIST_30600
3 b2625 195.00 5.21 4.93 0.88 99139 | 3478 | NIST_30600
4 b2837 158.87 4.87 7.5389 2.384 92151 | 3895 | NIST_30600
5 b3091 171.77 4.26 8.564 8.439 97292 | 6023 | NIST_30600
6 b2626 156.00 4.50 4.93 0.88 94688 | 3553 | NIST_30600
7 b3092 171.59 4.50 8.564 8.439 97367 | 6096 | NIST_30600
8 b3152 181.01 3.98 6.4582 0.9136 | 104717 | 3322 | NIST_30600
9 b3153 150.18 3.30 6.4582 0.9136 95238 | 3093 | NIST_30600
10 b3154 145.07 3.34 6.4582 0.9136 90786 | 3035 | NIST_30600
11 b3677 139.70 3.48 3.369 0.6689 92461 | 3141 | NIST_30600
12 b3680 179.40 6.20 3.369 0.6689 128375 | 5292 | NIST_30600
13 | b3681 150.20 3.77 3.369 0.6689 | 114618 | 3880 | NIST_30600
14 | b3682 216.3 5.15 3.369 0.6689 | 152652 | 4877 | NIST_30600
15 | b3683 216.30 5.15 3.369 0.6689 | 133819 | 4275 | NIST_30600
16 | b3684 183.10 4.50 3.369 0.6689 | 108415 | 3566 | NIST_30600
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Appendix B

Sample details

1. Field and laboratory information

Rodna Mountains

. Longitude . Sample i Quartz Spike
No | Lab ID (I(;ngzi) (degrees Ele(vn?;mn thickness S?;eclg)' Pg mass mass
E) (cm) ) (mg)
1 | RDO1 47.6209 24.6525 1108 3 0.9895 25.28 302.37
2 | RDO2 47.6055 24.6408 1669 5 0.9454 31.055 248.46
3 | RDO3 47.6055 24.6408 1669 2 0.9454 27.285 242.82
4 | RDO4 47.6055 24.6408 1669 3 0.9454 28.956 244.26
5 | RDO5 47.6031 24.6396 1753 5 0.9058 24.367 243.99
6 | RDO6 47.6032 24.6390 1767 2 0.9330 25.858 243.54
7 | RDO7 47.6032 24.6390 1767 2 0.9330 24.244 243.87
8 | RDO8 47.6028 24.6484 1801 4 0.9599 24.659 246.03
9 | RD0O9 47.6028 24.6484 1801 4 0.9599 27.025 233.6
10 | RD10O 47.6028 24.6484 1801 2 0.9599 25.115 234.08
11 | RD11 47.6016 24.6503 1794 3 0.9679 27.347 235.5
12 | RD12 47.6017 24.6502 1898 2 0.9178 26.727 239.1
13 | RD13 47.5767 24.6485 1819 2 0.9937 25.227 235.9
14 | RD14 47.5756 24.6379 1971 4 0.9932 25.104 236.1
15 | RD15 47.5729 24.6528 1943 4 0.9988 23.136 235.9
16 | RD16 47.5843 24.6492 1688 2 0.9683 24.286 237.7
17 | RD17 47.5832 24.6557 1636 3 0.9872 26.489 236.5
18 | RD18 47.5849 24.6527 1706 3 0.9834 24.85 233.6
19 | RD19 47.5851 24.6523 1718 1 0.9834 23.016 231.3
20 | RD20 47.5855 24.6511 1741 2 0.9834 23.305 236.3
21 | RD21 47.5851 24.6450 1864 5 0.9685 21.901 234.1
22 | RD22 47.5855 24.6455 1847 3 0.9685 24.472 234.8
23 | RD23 47.5861 24.6457 1842 4 0.9685 24.974 234
24 | RD24 47.5861 24.6446 1847 2 0.9580 26.566 236.3
25 | RD25 47.5861 24.6446 1847 4 0.9580 24.703 237.9
26 | RD26 47.5810 24.6401 1904 3 0.9984 23.58 234.6
27 | RD27 47.6385 24.6628 868 4 0.9984 24.556 236.7
28 | RD28 47.6286 24.6548 970 5 0.9952 22.038 234.8
29 | RD29 47.6214 24.6481 1116 3 0.9931 26.255 233.4
30 | RD30 47.6134 24.6492 1379 4 0.9841 25.118 234.1
31 | RD31 47.6143 24.6492 1344 2 0.9864 25.662 234.8
32 | RD32 47.6172 24.6502 1237 2 0.9882 26.206 234.8
33 | RD33 47.6196 24.6512 1170 4 0.9897 24.389 235.6
34 | RD34 47.6155 24.6495 1245 15 0.9881 23.735 234.5
35 | RD35 47.5802 24.6397 1865 3 0.9818 25.799 235.2
36 | RD36 47.5798 24.6385 1918 25 0.9818 25.918 235.5
37 | RD37 47.5791 24.6357 1957 2.5 0.9655 26.318 233.6
38 | RD38 47.5787 24.6353 1973 2.5 0.9737 26.801 238.6
39 | RD39 47.5776 24.6360 1979 2 0.9857 26.395 236.5
40 | RD40 47.5969 24.6442 1908 3 0.7314 25.194 236.4
41 | RD41 47.5969 24.6442 1908 3 0.7116 26.514 239.4
42 | RD49 47.6282 24.6517 999 25 0.9951 46.698 223.5
43 | RD50 47.6276 24.6566 969 2.5 0.9945 32.277 223.9
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Appendix B

Sample details

2. AMS measurement ratios and °Be concentration

Rodna Mountains

BelO/Be N10
N Cathode 10Be/9Be | error procedural error (x104 N10
o} (x107- (x107- (x107- STD
no 15) 15) blank 15) atom g- | error
(x107-15) 1)
1 b3094 203.76 4.23 6.3497 1.64 157781 | 4961 | NIST_30600
2 b3097 432.20 8.74 6.3497 1.64 227669 | 6654 | NIST_30600
3 b3098 412.30 7.72 6.3497 1.64 241410 | 6819 | NIST_30600
4 b3099 390.51 7.82 6.3497 1.64 216545 | 6329 | NIST_30600
5 b3100 169.15 4.53 6.3497 1.64 108930 | 4014 | NIST_30600
6 b3101 363.96 7.18 6.3497 1.64 225065 6553 | NIST_30600
7 b3103 346.01 6.14 6.3497 1.64 228308 6357 | NIST_30600
8 b3104 368.50 8.69 6.3497 1.64 241448 7710 | NIST_30600
9 b3105 481.14 9.60 6.3497 1.64 274240 | 7930 | NIST_30600
10 b3106 454.77 9.20 6.3497 1.64 279279 | 8161 | NIST_30600
11 b3109 501.95 9.34 6.3497 1.64 285190 | 7969 | NIST_30600
12 b3110 465.63 7.43 6.3497 1.64 274555 7217 | NIST_30600
13 b3137 511.85 10.90 6.4582 0.9136 315800 9384 | NIST_30600
14 b3111 563.36 11.14 6.3497 1.64 350057 | 10031 | NIST_30600
15 b3139 3243.60 64.31 6.4582 0.9136 | 2205584 | 62237 | NIST_30600
16 b3112 411.01 7.79 6.3497 1.64 264659 7518 | NIST_30600
17 b3113 513.35 8.06 6.3497 1.64 302480 | 7873 | NIST_30600
18 b3140 409.42 8.15 6.4582 0.9136 | 253124 | 7312 | NIST_30600
19 b3116 331.16 6.61 9.2359 1.173 216183 | 6377 | NIST_30600
20 b3117 428.19 8.17 9.2359 1.173 283859 | 8093 | NIST_30600
21 b3141 375.90 7.58 6.4582 0.9136 263880 7694 | NIST_30600
22 b3118 448.30 8.82 9.2359 1.173 281500 8127 | NIST_30600
23 b3121 445,73 8.42 9.2359 1.173 273293 7743 | NIST_30600
24 b3122 625.70 10.49 9.2359 1.173 366410 9749 | NIST_30600
25 b3142 425.64 8.74 6.4582 0.9136 | 269755 | 7906 | NIST_30600
26 b3145 483.20 9.10 6.4582 0.9136 | 316949 | 8872 | NIST_30600
27 b3146 606.34 12.08 6.4582 0.9136 | 386392 | 11060 | NIST_30600
28 b3123 583.60 11.58 9.2359 1.173 408917 | 11758 | NIST_30600
29 b3124 403.50 7.45 9.2359 1.173 234206 6595 | NIST_30600
30 b3125 271.37 5.78 9.2359 1.173 163253 5040 | NIST_30600
31 b3147 446.96 8.32 6.4582 0.9136 269325 7517 | NIST_30600
32 b3148 379.27 7.33 6.4582 0.9136 223208 6374 | NIST_30600
33 b3149 342.64 7.62 6.4582 0.9136 | 217009 | 6679 | NIST_30600
34 | b3151 380.68 5.86 6.4582 0.9136 | 247061 | 6413 | NIST_30600
35 b3127 533.19 11.06 9.2359 1.173 319190 | 9408 | NIST_30600
36 b3128 499.51 10.01 9.2359 1.173 297681 | 8640 | NIST_30600
37 b3129 500.08 8.95 9.2359 1.173 291129 8013 | NIST_30600
38 b3130 551.76 10.95 9.2359 1.173 322746 9295 | NIST_30600
39 b3133 572.82 11.62 9.2359 1.173 337435 9814 | NIST_30600
40 b3134 279.77 5.67 9.2359 1.173 169627 5097 | NIST_30600
41 b3135 273.78 5.11 9.2359 1.173 159613 | 4625 | NIST_30600
42 b3969 1220.30 0.23 2.8987 0.5798 | 389346 | 7811 | NIST_30600
43 b3970 658.32 16.15 2.8987 0.5798 | 303811 | 9673 | NIST_30600
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Appendix C Maps

Monadhliath M ountains

Surface exposure ages plotted on the geomorphological map
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Rodna M ountains

Surface exposure ages plotted on the geomorphological map
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