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ABSTRACT

The Himalayan orogen smostinteresting study site in terms of tectonics, geomorphology and climate
due to its extreme relief and location at the transition zone between the monsoon influenced region and
the semiarid/arid Tibetanid®eau.The aim of thi?fMa s t e r distogaih i@maton abouthe Qua-
ternary glacial history of the Barudlaciernext to Mount Makalun Nepal with a special focus on the

age determination of the sequence of moraaies/e theMakalu Base Camg-or this purpose, a dedi-
cated field survey collectedek chips from large boulders depositedturee morainesutside the prom-

inent Little Ice Age moraine of Barun Glacier and examined theochronologicallyising*Be surface
exposure dating, weatherimgd depths and Schmittammer measuremeniBhe daing revealed gla-

cial advances during tHeate Pleistocene (~ 12 k&arly Holocene (~ 8 ka) aricate Holocene (~ 3 ka).
However, there are at least six more moraines withirstgsienceimplying avery sensitive reactioof

the glacier to changen climate Surprisingly, moraines from the Last Glacial Maximum (LGM) orpre
LGM moraines that have been found in the neighbouring Khumbu Valley are missing in the Barun Valley
and have likely been removed besosion or buried by thrusting.

Additionally, equilibrium line altitudes (ELA) were estimated with data fromapped and dated glacier
extents inthe Khumbwalleyusingthe inversed THARtoe to headwall altitude ratiojethodto recon-
structglacial extats of Barun Glacierand illustratéanalyze thenin a GIS. According to this analysis,
ELA values droppebly 289, 132and19 m during the LGM Early HoloceneandLate Holocengrespec-
tively, compared to the Little Ice AgeLA. A crosscomparisorwith the acumulation area ratio (AAR)
method shows that a AR value of 0.5 witlglacier extents fronthe Randolph Glacier Inventopyo-
vided the most reasonable resttis the BarunValley. Additionally, usingthe mean elevation out of
seven accumulation basias the headwall altituereveals the best resultdncertainties are introduced
by the unknown amount of debris cover, unconsidered tributaries, and missing terminal moraines so that
the glacial extents derived here provide only a starting point for funestigations. Dating of the other
moraineg including those on the opposite side of the vail@yould certainly provide additional insights
about past glaciological and thus also climatic variability in the Barun Valley.



CONTENT

1. INTRODUCTION ...oiiiiiiitiiiitie e e ittt ieretee e e e e e e sttt ee e e e e s s mne st beeeeeeeaaassssseeeeessmmneeaassssseaeeeesansens 1
1.1 ReleVanCe Of GIACIEIS.......coi ittt e ettt e e e e e e e s seer e e e e e e e aaaee e s 1
2 I g T= TS (00 YA = To o] o 2
IR IS = (=0 B S 10111 =T o = 2
1.4 ReSearch QUESHIONS. ......cooiiiieeiiieiiieieeee ettt mmme e e e e eeeeesaenann e smmmessnnnnnnnnnnnnnnee s D
1.5 Content of .t.hi.s... Mas.t.er.0.s..T.hesi.S... 4

2. THEORETICAL BACKGROUNNDL......cccuiiiiiiiie et ceeme et e e et ven e et e e e et e e e eaa e e s annmeen 5
P2 I = Tod 1= PR 5

2.1.1 Origin, Mass Balance and FIOW...............ovuuiiiieeeees e e e e e )
2.1.2 Transport and Deposition of Material...............ccoooiiiieeeiiii e 6
A o= 1 V=TT | F= Tor = L1 o o PSSO 7
2.2.1 The LasGlacial Maximum (LGM) and Past ICe AQES...........cevvvvrruuuiicmeeeeevinveinnn 8
2.2.2 Situation in the Himalayas / Tibetan Plateau vs. AlpS...........uuuiviiiiieemiiiiiiiiiiiieeeeeeeee 9
2.2.3 Glacier Fluctuations SINABELLIA..........uiiiiiiie e eeeeree e e e e e e e e eeeeeees 11
2.3 SUurface EXPOSUIE DatiNG ... .....uuuuuuiiiiiiiiiieeeiriiiiee ittt e e e e e e e s esme e e e e e e e e e e e s e e e s nnee s e e e 11
2.3.1 The Physical Principle of Dating with Beryllium ISOtQpEeS..........cccoeviiiiiiieeniiiiieeeee, 12
2.3.2 Corrections to be APPlEd...........iiiiiiie e ———— 14
2.4 Relative Dating MethOUS. ........uuiiiiiie e eeer e enne e e e e 15
2.4. 1 Weahering RING........ooouiiiiiiiiiis e e e e e e eeeei e s e e e e e e e e e e e e e e e e st mnneeeeeeeeeeannnes 15
2.4.2 SCNMIGHAMMIEE ...ttt e et e e e e e e e e eeer ettt e eaaeaeeeaeaeeseesssammneeaeeaaaaeaaans 16

G J S I 15 D =4 L] [ 18
3.1 Location / Physical Setting of the Barun Valley...........cccuuuuiiiieemniiiiiiiiiieeeeeeeee e 18
3.2 HIMalayan ClMELE. ...t ieeeieetie bttt eeeee e et et e e e e e e e e e e e e e s s rmmme e e e e e e e e e e e e 20

3.2.1 South Asian SUMMEr MONSOQ...........uuuuuuusicaeeeeneennnaaaaeeeeeeesamamsaaaaaaaeeeeaeeaaeeeeees 20
3.2.2 Temperaturand Precipitation REQIME..............uviiiiiiiiireeeerr e 21
3.2.3 Recent Changes and Past Variability of Climate..............cooovviccciiiii i 22

4. MATERIALS AND METHODS.......coiiiiiiiiie et ieeet ettt e e e e e s e meessas e e e e e e s ssnaaeeaaeessmnneans 24

4.1 DAtiNG MOBINES. ... .cciiiiiiiii ettt e e e et e e e e e e et et e e e e e e e ta e e e e e e e ssmmmeesa e e e e e eetnaeaees 24
4.1.1 SAMPIING SIFATEGY. ... uuueiruiiiiiieieeeieeettttbie e e e et e e e e e e e e e asamt et et e e e e e e e e e e ea s s s s s snnne e e e e s e aaanns 24
4.1.2 Field MEaASUIEIMENTS.......uuiuiiiiiiiee e s ceeeeeeiiirss s s e s e e e e e e e s amansassaasseaeeaeeaaeeeeesesannneeeaaeeeees 24
4.1.3 Preparation of the Samples/ AMS.......cooo e 28

4.1.4 Calibration and Scaling SYSIEM........cooiiiiiiiiiiieer e eeena e e e 29



4.2 Glacier Outlineg andBA RECONSITUCTION. . .. ce e e eee e e e e eenns 30

4.2.1 Methods to Estimate Former Glacier ELAS..........oooiiiiiiiicce e 30
4.2.2 GlaCIer INVENTOMES ... uuuiiiiiiiiiiiiiiei e eeeet ettt et e e e e e e e e e e e e s s s rmme e e e e e e s e s e s s s bbb nnes s s e nnnne 31
4.2.3 Inversed THAR METOM..........ccoiiiiiiiiit et e e 32

ST ] U ] I S PSR 35
5.1 Surface EXPOSUIE DaliNQ ... .....ooiiiiiiiiiitimeees st eeeenssbe e e e e e e e e e e e e e e s ammmeeeeeeeeas 35
5.2 SCRMICHHAIMIMEEE ...t e e e e e e e e e e e e ennna e s s e e e e e e eeeaeeeeees 38
5.3 Weathering RINAS. ...ttt e e e e e e e e e e e e s e e e e e e e e e e e e e e 40
5.4 Reconstructions of Glacial Extents and FOrmer ELAS...........oviiiiiiieem 41
5.4.1 Reconstructions with the RGI Based on the ELA of the.LIA.........cccccccoiiiiieeennnn. 41
5.4.2 Zonal Statistics of Glacier RECUISTIONS.............oooiiiiiiiiiiireen e erneeeeees 47

B. DISCUSSION. ...ciiiiiiiiiiiie e eee et e ettt e e e s smmee s e s bt e e e e e e s s s bbe e e s emmme e e e e e sbbneeeeeesansssseennnes 48
6.1 LAte HOIOCENE. ...cciiiiiieee ettt e ennns bbbt e e e e e e e e e e e e aeeeas 48
6.2 EArlY HOIOCENE. ... ...ttt ettt e e e e e e e e e e e s s e e e e e e e e e e e e e e e e 49
6.3 LALE PlEISTOCENE. .....eeiiiiiiiiiiiis e e s eeeeeett s s e e e e e e e e e e e s eaaesaaaseeaeeeeaeeeeeeeeeeessnnneeeeaeeeeeeeeesssnnnnns 51
6.4 Last GlacCial MaXiMUITL..... ... ceeeiss e e e e e e e e ettt enne e e e e e e eeeeeeeeesesssnnnnmmmeeeeeessnnnnes 52
6.5 Prel Last Glacial MaXimUML..........oooiiiiiiieiiiiiiees e rmmmr e eeeeessasn s e e e e e emnnnes 53
6.6 Glacier RECONSIIUCTIONS..........iiiiieeiiiiiiiiicmme e e e eeeeeeeite s s ee e s e e e e e e e e e e e smnnnnaeeeeeas 54
6.7 Metho@logical UNCEIMAINTIES. ......ccoiiiee e e eeieeeeeeeeee e emmnees 56
7. CONCLUSION AND OUTLOOK ... .utiiiieeiiiiiiiite e e s smmme s ssiiieeeeae e s asisbaesesammsaeeasnstsaeeeeessanssseennnes 57
8. ACKNOWLEDGMENTS.....oitiiiieiiiiitit e reeee et e e e st e e e smme e s e st e e e e e e s snsseeessnnnreeeeeannnees 58
9. LITERATURE. ...ci i ettt eeet ettt e e e e e e e ettt e e e e e e et e e e e e s smmnesnsbseeeeeeeennssneeeeeemmns 58
10. PERSONAL DECLARATION .. .ccot ettt e s emeee e s e e e e e e e e e e e e e sammmnn s 67

I Y e N PSP 68



FIGURES

Fig. 1: Cosmogenic radionuclide (CRN) ages for moraines in Khumbu Himal south of Mt. Everest (Finkel
L= 2 00 U UPRPRR 3

Fig. 2: Glacial chronologies in the Himalayan orogen that have been conducted with numerical dating
techniques such @8Be (FINKel €t al. 2003)..........ccveeuriieireeieemseesreeeeeeeeeeee e e st eemereesreeseeaeeaneearens 3

Fig. 3: A typical valley glacier with the accumulation area and ablation area, flow lines and equilibrium
[INE (HOOKE, 2005).... .. e e e eeiieeeeeeeetteeee ettt ee et e e e e e e e e e e e e e emmmsasaaeaaeeaaaaeeeeessessssnnns 6

Fig. 4. Sea level change in connection with warm and cold periods tovere p a st 200060
(Source:http://www.eeescience.utoledo.edu/Faculty/Krantz/Va_Coast_figures/Virginia_Coast_figures.
NEMY, 22.08.2018)..... ittt ettt e e e e e e e e e st e e e e e e e e e e e e e e e e ———— e e ab b b r b e annnaa 9

Fig. 5: Differing opinions about the maximum extentsla€igtion during the LGM over the Tibetan
Plateau and the Himalayas; greyistue: glaciated areaplive-brown: topography over 4000 m; A)
glacier reconstruction of Klute (1930); B) glacier reconstruction of Frenzel (1960); C) glacier
reconstruction of Kulle (1985); D) glacier reconstruction of Shi, Zheng and Li (1992) and Li, Li and Cui

(1991) (OWEN & DOICH, 2014)......uuiiiiiiiiiiiieie ettt e e ne e 10
Fig. 6: Production of cosmogenic nuclides on Earth (Wagner, 1998)..............ccooiiiieeeeiniiiiine 12
Fig. 7: Principle of preexposition and incomplete exposure resulting in an-one=pectively under
estimation of the exposure age (Heyman et al. 2011)...........uuuimimimmimmmiiiiiiiiiiieeieeee e 14
Fig. 8: Weathering rind of a granite (source: http://geologypics.cor2®/e22.08.2018)............... 16
Fig. 9: Increasing weathering rind thickness with time (Laustela et al. 2003)................evveieeen. 16
Fig. 10: Conducting rock hardness measurements with the Schianiner (Photo: Pierre Lecomte,
ST AN o] gTe] (o]0 | £=1 0] 4 1=T o TP PPPPPPPPP 17
Fig. 11: The negative correlatmbetween weathering rind thickness and rock hardness (Laustela et al.
122001 ) PP TOPPPPRRPT 17
Fig.12: Map of Nepal with location of study Site...............ooviiiiiiieer e 18
Fig.13: Owerview over field site, blue: selected Moraine rdgeS..........cceeeeeieeeeeceeeiiiiiieee e 19

Fig. 14: Simplified model of the summer (A) and winter (B)caulation over India and Soutbast
Asia. Blue solid line: wind diion at about 6000 (summer) and 3000 (winter) m a.s.l.; dark blue dashed

line: wind direction at about 600 m a.s.l. (Owen and Dortch, 2014)...........cccooeiiiiiieeeneeiieeeeee, 21

Fig. 15: A: Mean annual precipitation across the Hiayas and the Tibetan plateau. B: Mean January
and mean July precipitation across the same region. (Owen et al.,.2008)...............ovvreeeeeeen.n. 22

Fig. 16: Time series af*®0 values; purple, blue and black: from Hulu @astalagmites; dark blue and

grey: from the Greenland ice (W@t al., 2001)........cccoeiiiiiiiiiiiiiiieeee e 23

Fig. 17: Sequence of moraines next to Makalu Base Camp (Photo: Oleg Bartunov, source: flickr.com).
.................................................................................................................................................. 24

Fig. 18: Field measurements; A: weathering rind; B: topographic shielding; C+D: ScHraitimer; E:
cutting rocks out with hammer and chisel;Strike and dip; Photos: Pierre Lecomte, ESA photographer.

Fig. 19: Each sampled block with its surroundings; Photos: Pierre Lec&®&,photographer.....26
Fig. 20: Photograph of each dated block to lcthe sampling area; A: MAKA_1.A, B: MAKA_2.A, C:



Fig. 22: T oodtlmes drem twol di#dferenteglacier inventories for Barun Glacies, gtde
glaciers and Lower Barun Glacier. Left: Randolph Glacier Inventory. Right: GAMDAM2 Glacier
10NV =] g1 0] Y PRSP 32

Fig. 23: Overview over incorporated glaciers from Finkel et al. (2003) and gladiens the Barun
Valley (without side glaciers) for ELA reconstruction purposes extracted from the Randolph Glacier

LAV ZST oY o] V(3] ) PP 33
Fig. 24: Surface exposure ages of blocks on the moraines at MBkak Camp with a snow correction
(with the Heyman Model adagat for the Himalayas).............ooovviiiiiiiiiicciieeeeei e 35

Fig. 25: Dated blocks next to Makalu Base Camp with surface exposure ages; purple: dated moraines
within this study; light blue: existing lateral moraines derived from an in situ visual assessment, satellite

images and a DEM (not dated); dark blue: potential terminal moraines (not dated)................ 36

Fig. 26: ScimidtHammer measurements per dated bloCK..................ovvieeeiiiiiiiieie e 38

Fig. 27: SchmidtHammer measurements Per MOFAINE. .............uuuuuuuuuiccceeeeeerrrnnna e e e e e emensannns 39

Fig. 28: Weathering rind thickness [mmpgr dated block.............ccoorrrri e 40

Fig. 29: Weathering rind thickness [mm] per MOraine.................uuuuuiiccceeeeveeiiiiiiiee e e e e e eeensannns 41

Fig. 30 Reconstructed glacial extents of Barun Glacier (wita RGI) and modelled ELAs with the
highest point as headwall definition................uuiiiiii e e 43

Fi g. 31 :36000ESEeAari.fi.......ccccooiiiiiiiiiiiee e e ennnraaas 45

Fig. 32: Reconstructed glacial extents of Barun Glacier (with the RGI) and modelled ELAs with the mean
of the seven basins as an alternative headwall definition..............c.uvvvieeeiiiiiiiiiii e 46

Fig. 33: Reconstructed glacial extents of Barun Glacier with two different inventories and based on the
ELA of today and the ELA Of the LIA. ... e 68

Fig. 34: Interesting feature, possibly the LGM moraine; purplated moraines..............cccvevveeee. 69
TABLES

Table 1: Subdivisions of the Quaternary system (modified from: watigsaphy.org, 18.02.19)....8

Table 2: Data information for each SamPpPIe SIEE...........uuuiiiiiiiiiiieeeii e 25

Table 3: Exposure ages derived from different produatideé scaling models (constant production rate
model vs. time varying production models) with and without snow correction factor for the first and

second datingfoeach BIOCK............ou e 37

Table 4: CalculateE L As and ®@ELAs from the Khumbu.. Va2l ey
Table 5: Calculated ELAs and former glacier terminus of Barun Glacier...............ccoovvvveeeeen.. 44

Table 6: Calculated ELAs and former glacier terminus of Barun Glacier with the alternative headwall
[0 =11 011X o OSSP 44

Table 7: Topographic information of the reconstructed Barun Glacier refdodte ELA of the LIA

L LL TR TN {1 PP PPTTPP 47

Table 8: Accumulation area ratios (AAR) of several different glacier reconstructions for Barun Glacier
conducted with different methods (mean and highest)p0i..............uviiiiiiiiici s 47

Table 9: Calculated ELAs and former glacier terminus of Barun Glacier with the headwall altitude
estimated separate for each DaSIN.............coiiiiiiii e 69
Tabl e 10: Calcul ated ELAs and @ELAs from the
GAMDAMZ2) DASEA ON LO0AYc ...ttt eeee et eeeeee e e e e e e e e snaeraeeeeenaaanes 70

Table 11: Cronus Earth input data...........cooouuiiiiiiiieeee e e eneee e 72

Table 12: Raw data of weathering rind and Schrrldtnmer measurements.............c.cc.oevvvvvviueeee. 73

Table 13: Raw data of the topographic shielding measuremenis..........ccccccevvvveeeeeeevveviieeeeenen 4


file:///C:/Daten%20Laura/Uni/Masterarbeit/Arbeit/DRAFT_masterarbeit.docx%23_Toc7342632
file:///C:/Daten%20Laura/Uni/Masterarbeit/Arbeit/DRAFT_masterarbeit.docx%23_Toc7342632
file:///C:/Daten%20Laura/Uni/Masterarbeit/Arbeit/DRAFT_masterarbeit.docx%23_Toc7342633
file:///C:/Daten%20Laura/Uni/Masterarbeit/Arbeit/DRAFT_masterarbeit.docx%23_Toc7342634
file:///C:/Daten%20Laura/Uni/Masterarbeit/Arbeit/DRAFT_masterarbeit.docx%23_Toc7342635

ABBREVIATIONS

AAR
A.D.
AMS
ANOVA
1OBe
BP
BR
CRN
DEM
EL
ELA
ENSO
ESA
ETH
GAMDAM
GGl
GLIMS
GLOF
GPS
GIS
HF
HMA
IPCC
LGM
LIA
LLGM
MELM
MEG
MIS
NSIDC
OSL
RGI
SLHL
TCN
THAR
TP
TRAM
TSAM
YD

Accumulaton Area Ratio

Anno Domini

Accelerator Mass Spectrometry
Analysis of Variance

Radioactive Isotope of Beryllium
BeforePresen{Present = 1950)
Balance Ratio

Cosmogenic Radionuclide

Digital Elevation Model

Equilibrium Line

Equilibrium Line Altitude

El Nifio/Southern Oscillation

European Space Agency
Eidgendssisch&echnische Hochschule
Glacier Area Mapping for Discharge in Asian Mountains
GAMDAM Glacier Inventory

Global Land Ice Measurements from Space
Glacier LakeOutburstFlood

Global Positioning System
Geographic Information System
Hydrofluoric acid

High Mountain Asia

Intergovernmeral Panel on Climate Change
Last Glacial Maximum

Little Ice Age

Local Last Glacial Maximum
Maximum Elevationof Lateral Moraines
Median Elevation of Glaciers

Marine Isotopic Stage

National Snow and Ice Data Cente
Optically Stimulated Luminescence
Randolph Glacier Inventory

Sealevel highlatitude

Terrestrial Cosmogenic Nuclide

Toe to Headwall Altitude Ratio

Tibetan Plateau

Toe to Ridge Altitude Method

Toe to Sumnt Altitude Method
Younger Dryas



University of Zurich Masterés Thesi s Laura Blchler

1. INTRODUCTION

1.1 Relevance of Glaciers

Glaciers are receding global}PCC, 2007) Although the Himalaysiis the most glaeirized
mountain range outsidbe poles(Haeberliet al, 1988) the impact of climate change on glaciers
is espeially highin this regionThese glaciers supply water to Indus, Ganges, Brahmaputra, Yang-
tze and Yellow rivers, where more than 1.4 billion people depefinonerzeekt al, 2010; Brun

et al, 2017) Especially, he Brahmaputra and Indus basins aosinsusceptibléo decreased wa-
terflow in terms ofdrinking water suppliespod securityjrrigation, mining, hydropower, agricul-
ture and recreatiofimmerzeekt al, 2010; Bruret al, 2017; Hus®t al, 2017) However, human
dependencen glacier melt does not correlate witie highest population densities in Btgegions
according to a study conducted Ib{aseret al. (2010) Large uncertainties in future runoff occur
due tovariations n projected precipitation between different climate modbitsmerzeelet al,
2013; Radi | aAsiudyHandukted in2Nephldignmerzeelet al. (2013) projects
increasing runoff despite receding glaciers at least until 2050. Togethes positive change in
precipitation, water availability is not likely to decrease in this regiommerzeelet al, 2013)
Azamet al.(2018), itz et al. (2014 andHuss and Hock2018)suggest similar scenario with
increasingglacier runoff predictions. However, thelaien that in pughly half of the investigated
basins the maxi mum (6épeak waterd) has (Hudsr eady
and Hock, 2018)Additionally, theypredict theglobally largest reduction inunoff occursin cen-

tral Asia and the Ande@Huss and Hock, 2018However, recent mass balance computations of
High Mountain Asia revealed less negative estimates than previousiéstis(Brunet al, 2017)

An anomaly takes place in the Pamir and Karakof@ogley, 2016) where at least for the last
decade the overall mass balance is two to three times less negatitedlglobal average for
glaciers(Gardelleet al, 2013)or according to other studies nearly alad(Azamet al, 2018)
Blisset al.(2014)highlight the vaiety of glacer runoff responses to climate change and esipba
that rain is a major contributéo runoffin the monsoon influenceegion of Asiain contrast to
most regionsvhereglacier melt dominates annual glacier runbfiénce, glaciers in the Hahayas
play animportant role in hydrology and might be seslgrimpacted by future climate change, but
knowledge about their past fluctuations is still sparse.

Glaciersreact fast and pronounced to fluctuations in clinf@erlemans, 2005andtheir deposits
(moraines)marking former extentarethus good indic#éorsfor past climatic condition@Dong et
al., 2018) Such moaineshave been datl toreconstructlimatefluctuationsin glacierized regions
such as the Himalagar the Tibetan PlategiBalco, 2011; Dongt al, 2018) Although theglac-
iersin theHimalayas play an important rolen climate reconstructigrknowledge abouheir dy-
namics anctlimatic controls is spars@-inkel et al, 2003; Owerand Dortch, 2014; Azaret al,
2018) Especially the timing and extent of former glacier fluctuations armgetunclearthan in
other mountaimangesmainly due tdimitations inlogistical and political accessibilityf the glac-
ierized regiongOwenet al, 2008; Zectet al, 2009; Owen and Dortch, 2014dditionally, gla-
cial demsitionsfrom before the Little Ice Age (LIAarepoorly preserved due to the high erodibil-
ity of the materiain high altitudes steep terraimnd large amousff precipitation(Zechet al,
2009) In addition, &rge landslides hindéne identification of some landforms and thus complicate
their interpretation(Hewitt, 2009) The missingquantification ofthe timing and extent of past
1
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glaciersis requiredfor betterlinking Himalayan climate fluctuations to changes in global climate
(Finkel et al, 2003)

1.2 The Study Region

In contrast to the ks and other glaerized mountainegions, the glaciers the south of the
Himalaya are influenced by the south Asian summer monsoon, whigksgonsibleor heavy
precipitationduringsummer(Benn and Owen, 1998)Vhereasduring winter theHimalayanoro-
gen is dominated by milhtitude westerly winds (westerlies), which generally bring coldrahd
atively dry air(Inoue, 1978; Benn and Owen, 1998; Maussbal, 2014) Hence, the timing of
highestacawmulation coincides witlthe highestablaion. Glaciers in this climatic regime have
been named summaccumulation type glacief®\geta and Higuchi, 1984)ncreased moisture
availability due to the south Asian summer monsight alsobethe reason whthe glaciers in
this regionbehavedasynchronously to glacial advances in the northern hemisfifieiel et d.,
2003; Oweret al, 2008, 2009)To better understand the interaction between the two climate sys-
temsin the transition zon@.e. influenced byhe south Asian sumer monsoon and the Eurasian
mid-latitude westerliegDonget al, 2018) the BarunValley intheMakaluNationalPark (Nepa)
was chose for this thesisto test if the timing of the glacier fluctuations found for tiearby
KhumbuValley could possibly be extended to the eBarun Glacielis aca. 17 km long valley
glacier thais heavily debris covered in its lower part dadated 1%m south east of Mount Ev-
erestnext to Mount Makalu (8485 mBarunGlacier produced a sequence of waleservedateral
morainesvell outside the dominating maines from LIA,implying active aad pronounced glacier
fluctuationsduring the Holocene and maybe Pleistocé&rece dated hese glacial remnants, pro-
vide information abouthetiming andformer extent®f the glacier as well as related climatic fluc-
tuations that can be derived from chasgn mean or median elevation

1.3 State ofKnowledge

In the past two decades, numerous studies havepstarmedto analyse the glacial history of
the Quaternary in the Himalayan and Tibetan orogen with the aim of a better understanding of the
timing and extent of glaciation®inkel et al, 2003; Owen and Dortch, 201Bpnget al, 2018)
Especially improvements in the cosmogenic surface exposure dating techniquleewgbtope
Beryllium 10 {°Be)give new and better insightihe timing d past glaciationgDonget al, 2018)
Several glacial chronologies sugg#sit glaciers in this region reachedich largeextens thou-
sands of yeargrior to the Last Glacial Maximum (LGM) whiatccurredl9-23 ka agoand is also
known as the Marine Isotope Stage 2 or M{SRark and Mix, 2002)It is speculated that this was
due to the high sensitivityf glacierso fluctuationsm precipitationwhich arecoming fromchang-

ing monsoon intensitig®wenet al, 2002a,b; Finkeét al, 2003; Cheret al, 2015; Do et al,
2017) A studyby Finkel et al. (2003)conductedo the south of M. Evereston several glaciers in

the Khumbu Valleyevealedat leastsevenglacier advances during the Pleistocand Holocene

as derived fromBe surface exposure datinglafge boulders within lateraind terminamoraines

(Fig. 1). They argue that glaciation was most extensive during3viB8d earlier and quite limited
during MIS2 i.e. the LGM.This data implies an asynchronous behaviour of the glaciers in this
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regioncompaed to otheglaciers in the Northern hemisphepeesumably due t@hanging mon-
soon intensitiesThe oldest moraine has been da#¢@&6 + 6 ka during MIS5 in the Khumbu
Valley. The extent durind/1S 2 was less pronouncdidan other extents and occurtedally at 23
+ 3 ka.Similar results werebtained by other studies shown ifFig. 2 (Sharma and Owen, 1996;

Phillips et al, 2000; Oweret al, 2002a,b; Cheast al, 2015)
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1.4 Researb Questiors

This thesis analyses the agesafme lateramoraines in the Baruvalley next to the Makalu Base
Campat 5000 m a.s.in Nepal with cosmogenic radionuclide (CRN) surface exposure dating and
relative dating techniques (Schmidammermeasuremasand weathering rinduantification$.

In total, fiverock samples of three moraines have been collected and dated wiRetimeethod.

The ages of the different moraines will show whether the B&tanier behaved similar to the
glaciers south of MourEverest during the last glaciations or metsynchronous behawmo with

the glaciers of Mt. Everest implies that during t&M 23 kayears ago (MI), BarunGlacier

did not reach its largest extent and older moraines outside of therh@inearestill existing

The basiaesearch questias thus

1) How old are the outer lateral moraines of the Barun Glacier in Nepal?
HypothesisThe oldest (or outermost) moraingsBarunGlacier were deposited before the LGM.

The results from thedated morphologicatvidence (moraines) frortihe BarunValley are then
compared to the Khumbumoraine ages. Adapting ELA depressions from megghbouring
Khumbu valley with the inversed THAfe to headwall altitude ratioethodenablegstimating
glacial extenin the Baun Valley using a digital elevation metl(DEM) anda Geographic Infor-
mation System (GIS}rom this reconstruction, tifellowing further researclguestions emerge
for this study:

2) How large was Barun Glacier during thate Pleistocene and Holocene gl#oias?

3) How can the found moraine ages be interpreted in a climatic context when also consid-
ering the sequence of undatedraine®

1.5 Content of this Masterods Thesi s

In the beginning of this thesis a theoretical background is provided, where thédearsglacier
characteristicand past glacial behaviour with a special attention on the Himalayan orogen. A short
introduction in the surface exposure dating method ¥igk and relative dating techniquedat

lowing. In Chapter 3 the physical settiagd local climate of the studggion is presented. Subse-
quently, the materials and methodsppliedare explained. Chapter 5 contains the results with a
detailed description antlustrations of glacier flutuationsin graphs and figures, which are then
discussed itChapter 6In the last chaptegeneraktonclusioms of the study are presentaad further
research possibilities are highlighted.
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2. THEORETICAL BACKGROUND

2.1 Glaciers

Glaciers offer giant and dynamic storages of water that are in conimass and energy exchange
with the hydrosphere, the atmosphere and other sptreiearth(Benn and Evans, 2013 ccord-

ing to Benn and Evans (201@paciers gaimass by theaccumulatiorof snow or ice on the surface
andlosemass (ablation) due to meltingublimation andr calving. Comprehending a glacier sys-
tem and the relatioof its mass balanc® climate enables scientists to reconstruct past environ-
mentalchangedrom former glaciefluctuations

2.1.1 Origin, MassBalance andFlow

If not mentioned otherwise, the contents offllowing section is based on the wdrikBenn and
Evans (2013)Accumulationon a glacier can occur in several ways but predominantly happens
throughsnowall. The amount of precipitatioinowever varies significantlyin space and time
Generally maritime regions tend to have heavy snowfalls und high accumulation rates due to cy-
clonic weather systems aratographicuplift, whereasnland regions tend tbawe more aridcli-
matesand thus have lower accumulation radesl lower temperature8valanching affects accu-
mulationin particularin steep mountain regiong/here it can contribute large amountssnbw

onto the glacier surfac&he freezing of supercoalevater dropswhich results in the formation

of ice crystalg§most importantly the formation aime ice, and the freezing of rainwater or ground-
water caralsocontributemassto a glacier Over the course of one melt seaslo® complex struc-
ture of snow crystalsstarts to transforninto more simpleshaped aggregatebulk density in-
creases, the afilled pores aralecreasedand the snow turns firn. Further compression due to
successive accumulative layers of snow over the years finally cotivefish grainsto ice. The
time needed for the metamorphic process of ice formation deperitle governinglimateand

is enhanced by melting and reézing processes.

Ablationincorporates several processes of ice and snow loss including melting, Sobljreaap-
oration,aeolian losscalving and avalanchin§ylountain glaciers that are not terminating in a lake
(lacustrine) or the sea (tidewatemparine terminating)predominantly lose mass through melting

The mass balancef a glacierdesignates theet gainor loss ofmassover a specific time period
(usuallyone year)Accumulated mass is transport@ader the force of gravitfrom the accumu-
lation areaat higher elevationdownhill towards the ablation aregig. 3), fully replacing the melt
under steadytate conditias Thereby, he equilibrium ling EL) separates the two are@$ooke,
2005) Its elevation at the end of the ablation period corresponds for most glaciers weatswith
mass balance in that yedraccumulation surpasses ablation, the glacier gains (passgive mass
balance)nd vice versa if accumulation is smaller than ablationnth&s balance is negative

The transport oflow of ice occurs in various ways.g. by sliding, deformation aée and defor-
mation of the glacier bed. With this fundamental characteristics glaciers are abheotkland-
scapes and carry debris from erosive into depositional &sxrtemans, 2001)The details of
glacierflow, howerer, arestill a topic ofintense research
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Fig. 3: Atypical valley glacier with the accumulation area and ablation area, flow lines and equi-
librium line (Hooke, 2005)

Theequilibrium lire (EL)connects the pointsn the glacierwhere accumulation of snow alo$s

of iceis equal ovethe period of one yeaBenn and Lehmkuhl, 2000lts positionon the glacier
throughout a year is roughly at the lowermost end of the snow covered region. The equilibrium
line altitude (ELA) is the averaged elevation of the EL. The ELA where the mass balance of a
glacier is zero (ELA) is very closely linked to theoktal climateandcan be approximated by the
mean, midpoint or median elevation of a glaci&dper and Braithwaite, 20Q9)his means that

(a) for a mass balance close &ra at least 50%f the glacier surface must be covered by snow
(i.e. its accumulation area) at the end of the ablation season and (b) that stable glacier extents (cor-
responding to a balanced mass budget) can be reconstructed from a change of threnteldfan
elevation.Whereas the ELA varies within a year and from year to year (indicative of positive or
negative glacier mass balance) the kli#\governed by mean climatic conditiofis is why
changes in the altitude of the EbAreconsidered as impamt indicators bglacier response to
climate change and are consequently used for former climate reconstruitierd.A, however,

is not to be confused with the gladéebehaviour itself as it does not mean that the glacieras in
dynamicequilibrium. When a glacidrasazero annual mass balance oseveral years to decades
(depending on its response tirtgeither advances nor retreakbisis a very usefubut theoretical
conceptto parametrize climaticonditionsassociated with gtal extens. Glacieits nouishment

by avalanches in the accumulation area #mdk debris cover at the tongudter mass gain and

loss locally andnfluence the glacier mass balance gradiéfrider such condition reconstructions

of glacier extents frorELA, changes are mommpicated.

2.1.2 Transport andDeposition ofM aterial

Glaciers are very effective in terms of erosem transporting debris (silt, sand, gravel and boul-
ders)severahundred of kilometres away from its origithereby, the ebris source can be extrag-
lacid (e.g.from the surrounding mountains) or subglacial (e.g. through abrasion, overridden sedi-
ments or plucking)Debris isthentransported along several ways gldgialhrough water ways,
subaerially or subaqueougBenn and Evans, 2013Jhe transport process determines particle

6
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morphology and grausize distribution(Boulton, 1978; Hoey, 2004frurther this glacial material
is then depositenh various geomeies and extent®8enn and Evas) 2013)

The accumulation aidgelike formatiors at the ice margins or on the ice surface of active glaciers
is calledmoraine(Evans, 2013)The depositional moraine at the outerntmgindary othe glacier
terminus is referred to a terminal endmoraine(Gebhardet al, 2011; Benn and Evans, 2013)
Further morainewithin the loundary of the terminal moraine are named recessional moraines, due
to the fact that they were formed during mineadyances or stillstands but durintpager phase

of general glacier retreéBenn and Evans, 2013)ateral moraines are formed around the entire
lateralglacier tongugbelow the ELA) and are widespread in high mountain regions such as the
Himalayas(Gebhardet al, 2011; Benn and Evan2013) A combination of lateral and end mo-
raine is called laterfrontal moraingBarr and Lovd| 2014) Moraine structures are formed when
eithersupra, en, or subglacial material islepositedat the ice marginBenn, 1992)when pro-
glacial material is flattened during glacial advagBeulton, 1986)andfurther squeezedowards

the glacier margin@Price, 1970pr when loose materiabneath the glacier is thrustecbglacially
during glacier adancemen{Evans and England, 199X)ften a combination of these processes
lead to a moraine ridge formation and thus to highly variable internal stru(@aesand Lovell,
2014) Morainic sediments (till) usually consist of unstratified material with a broad speofr
grain sizes anfllocks with rounded edges, slightly polishaddsometimes esn scratched loads
(Gebhardet al, 2011)

Thick, to a greater or lesser extent continudelsris coveron the glaciers a likely phenomenon

on highmountain glaciers (especially in thiémalayas). Thin debris cover gcm) increases the
ablation rate due to a decredsalbedo and an increased absorption of solar radiation in comparison
to clean iceOn the other handjebris cover thicker thaabout2 cm insulates the ice and thus
redu@sglacier melt(Benn and Lehmkuhl, 2000; Benn and Evans, 2013)

As a consequeam, heavilydebriscovered glaciers are disposed to have larger ablation areas than
nondebris covered glacie&ayastha and Harrison, 200&8ther factors such as the catchment
topography (with & shading effects and snaavalanching and aspect (shadirgf precipitation
andradiatior) alsoaffect glacier mas balance and thus control {hesition of theELA (Sharma

and Owen, 196; Benn and Lehmkuhl, 20Q0)

2.2 Palaeoglaciation

Thepastclimate has been highly variable since 2.5 Mio years aityxcling alternation ofglacial

periods and warer intervals(Weissert and Stdssel, 2013)ccording to Gebhardtt al. (2011)

several natural drivers are likely to induce climate variability, amongst others incresdsmoism

or uprising of high mountain rangeshis results imadiationeffects and increased silicate weath-

ering conditionswhich reduce the amount of G(@ the atmospherandthe greenhouseffectand

thus induces global cooling. However, mostly accepted for the emergence of climate cycles is the
oscillatonofEar t hés orbit parameters and its i mpact
a driver (referredo as Milankovitch cyclesjGebhardtet al, 2011) The current warm period,
however, is most likely reinforced by anthropogenic factors such as the combusii@sibfd-

sources, which increases the amount of @@he atmospher@ebhardet al, 2011)
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2.21 The Last Glacial Maximum (LGM ) and PastlceAges

Climate vaiationsin the Quaternary caused major global ice ages.Qumgernaryrefersto the
period onthe geologicaltimescale we are nowm and thecurrentepochis calledthe Holocene
(Tablel). The Quaternarys subdivided into the Ples t o ¢ e n & 2.58 Mib §ear8) @nd the
ongoingHolocene (1 1 6 7 0 0 (Dawsam,r1892)During the Pleistocene at least four major
global ice age¢Gtinz, MindelRissandWurm(Weissert and Stoss&l)15) occurredwith inter-
mediate warm periods, wherdhge Holocene represents the current warm int¢@abhardet al,
2011). The transition from the last ice ages into the Holocene wasontinuous, but interrupted
through distinct cold period returssch aghe Younger Dryas (YD{Gebhardet al, 2011)

Tablel: Subdivisions of the Quatsary system (modified frormww.stratigraphy.org18.02.19.
Subdivisions of the QuatemaSystem

Period Epoch Stage Age (Ma years)
Meghalayan Today 0.0042
Northgrippian 0.0042 0.0082
Greenlandian 0.0082 0.0117
Quaterm@ry Upper 0.0117 0.126
Middle 0.126 0.781
Calabrian 0.781 1.8

Accumulatednarinesedimentgrovide a mostly undisturbed record of deposited calcareous and
siliceous micreorganismswhich can be used for reconstructing former environmental changes
throudh stable oxygen isotope rati§0/*%0) (Dawson, 1992)The stable oxygen isotope compo-
sition of the carbonates are balanced with the isotopic catigposf the sea water and depend on
temperature and water depth during formatioawson, 1992; Gebhardt al, 2011) Due to the
preferential evaporation of lighter oxygen isotop€©Y, 180 is enriched in the oceamaterand

thus in the rarine sediments during an ice aagea lot of water is stored in ice on lgixhwson,
1992) Consequently, the relative deviation of the oxygen isotapio of marine sediments com-
pared to the mean ratio of a standard value indicates former icéCmyeson, 1992; Gebhardt

al., 2011)

Gebhardet al. (2011) indicate that ith the aid of stable oxygen isotopealysis in marine sedi-
merts, Milankovitch cycles andce core drillings several ice ages could be detected, which are on
a global scale numberddiarine Isotopic Stage@iS) (Fig. 4). MIS 2refersto the LGM, whereas

MIS 1is thecurrent Holocenand MIS 5the last interglacial perio®during MIS 2 the sea level
was around 120130 m lower than todayuring certain interglacial periods (e.g. MIS 5) the sea
level might have been even highlean today

TheLast Glacial Maximum(LGM) means the last glacialcle when glaciers and ice sheets glob-
ally advanced to their maximum extefBowen, 2009)I t occurred be®W@wOON
years agdClark and Mix, 2002pand its cause is believed be climate change respmse to a
changedorbital configuration(Bowen, 2009) The LGM occurred on both hemispheres more or
less synchronously, its extent and exact timing is still argBedien, 2009) However, some

19

studies conducted in the Himalayas and the Tibetan Plateau (TP) indicate that some glaciers had
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their maximum extent earlier than the LGM, whioldicates asynchronous behavicompared to
the variations of thaorthern hemisphere ice she@@svenet al, 2002a, 2008; Finkedt al, 2003;
Hugheset al, 2013; Owen ah Dortch, 2014; Donegt al, 2018)
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Fig. 4. Sea levelchangeioonnecti on with warm and cold peri
(Sourcehttp://www.eeescience.utoledo.edu/Faculty/Krantz/Va_Coast_figures/Vir-
ginia_Coast_figures.int, 22.08.2018)

2.22 Situation in the Himalayas / TibetanPlateau vs. Alps

Glaciation in the Himalayas and Tibetan Plat€BR) seems to behave differently in comparison

to the glaciers in thAlps and the rest of the wor{@echet al., 2009; Donget al, 2018) While
duringthe LGM (Clark and Mix, 2002nountain glaciers and ice sheets reached their maximum
extentsand werehusoverridingtraces from earlier ice ages mostregionsof the world in the
Himalayas and TP glacial remnaifésg. lateral moraine®Xxist that ardound outside the LGM
deposits and wenamuch olderthan the LGM(Finkel et al, 2003; Oweretal., 2008; Zeclet al,

2009; Donget al, 2018) A large number of surface exposure dating measurer(w=260 single
measurements) contribute to the perception thahtbemum glacial extenn this region occurred

prior to the global LGMDonget al, 2018) It is believed to haveappeneda. 110- 10ka ago in
some areasnd is thought to be due to the high sensitivity of glaciers to precipitation changes
occurring through intensity variatio$ the monsoolfFinkel et al, 2003; Liet al, 2014; Cheret

al., 2015; Donget al, 2018) Especially in arid areas glaciers tend to be more precipitation sensi-
tive, whereas in humid areas glacier mass balaraggslycontrolled by temperatu@echet al,

2009) Therefore, reduced temperature during the Younger Dryas (YD) or the LGM led to glacial
advance®nly in the eatern Himalayaand wasthus synchronous with the northern hemisphere
growth of the ice shee(blu et al, 2017) This effectwas very restricted in extent in the remaining

9
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part of the Himalayas due to a weaker monsaidhis timeg(Owen, Finkel and Caffee, 2002; Zech
et al, 2009) Towards the noh and west, however, monsoon plays a more importantdoéeto

a steep decreasing precipitation gradi@®chet al, 2009) Increased insolation and thbgher
monsoonal precipitation amounts during MIS 3 in this region impauietivdy on glacier mass
balances andere responsible faglacial advancéOwenet al, 2002a; Zeclet al, 2009) Addi-
tionally, the exact timing of the locataximum extents still debated andiffersregionally due to
the midlatitude westerligswhich have varying influencem glaciersand Northern hemisphere
climate varations(Hughesetal., 2013; Zectet al, 2013; Donget al, 2014; Owen and Dortch,
2014)

The exent of glaciation in the Himalayas and the TP was a highly debated topic over the last few
decadegOwen and Dortch, 20340pinions differ from a totallgovering ice sheet over the Ti-
betan Platea(Kuhle, 1985)o only partially glacier covered regiorn&lute, 1930; Frenzel, 1959;

Li et al, 1991; Shet al, 1992)(Fig. 5). However, nowadays it is mostly aptedthatthe TP was

not totallyice coveredduring the past few glacial cycl¢sehmkuhl, 1998a; Oweant al, 2008)

due to glacial landforms that are still existing from previous ice ages detected through a large num-
ber of numerical datingesultsthat hae been conducted in the past year
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Fig. 5: Differing opinions about the maximum extents of glaciation during the LGM over the Ti-
betan Plateau and the Himalayas; greylde: glaciated area; olivddrown: topography over
4000 m; A) glacier reconstruction of Klute (1930); B) glacier reconstruafdtrenzel (1960); C)
glacier reconstruction of Kuhle (1985); D) glacier reconstruction of Shi, Zheng and Li (1992) and
Li, Li and Cui (1991) (Owen and Dortch, 2014)

Such moraines would have been destroyed, if a large ice sheet ovd? thasted(Owen and
Dortch, 2014)Kuhle (2011) however, ignores these dating reswsshe arguethat this technique

10
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cannot be appliedt high altitudestherefore hetill insists on a totallgovering ice shedKuhle,
1985) Additionally, large landslides amguitecommon in the Himalayan Tibetan orogamdtend
to be misinterpreted due to their resembappearance like morainé@wen and Dortch, 2014)
Therefore, a careful and soummderpretation of glacial landforms is necessg@wen and Dortch,
2014)

The Alps and alpine foreland were repeatedly glaciated during the Quat@ryafychset al,
2008) More than four major ice ageSiinz, Mindel, RisandWuirm(Penck and Brtickner, 1901
1909) occurred, which &wve been detected through detailed analysis of glacial remnants
(Schlichter, 2004)The localmaximum &tentin most regions of the Swiss Algsrrelates with

the LGM during MIS 2which was at its greatest extent at around 18.8uWaOchs et al, 2000

cited bySchluchter, 2004 Through lithostratigraphy interpretations and luminescence dating ice
ages during MIS 5 and MIS 4 have been mingled, but terminal moraines or landforms are not
preserved from that age because they were erased by later glaciations during MIS 2 (fateeWir
age)(lvy-Ochset al, 2008) The Younger DryasY(D) cold phase took place at aroundke2and

was characterized by depositing very distinct moraines across thg¥p®chset al, 1996,
1999, 2006, 2008)

2.2.3 Glacier Fluctuations Since the LIA

ThelLittle Ice Ag€e(LIA) refers to a period of time betweedAdOand 18® and indicates most recent
globally occurring glacial advan¢&rove, 2001; Ogilvie and Jénsson, 2001; Shindell, 2009; Sinha
et al, 2011) Spdial andtemporal smalkcale variations in climate were present, but mass balances
were predominathyt balanced or positiveo glaciers stagd expandedand advanced repeatedly
(Grove, 2001) During theLIA mostglaciers formed distinct morain€Shiyin et al, 2003) Oxy-

gen isotopeecords from central and northeast India manifest a period of-doraknated precip-
itation regime between 1400L700 A.D. and an activdominated regime from 1702007 A.D

in terms & precipitation(Sinhaet al, 2011). These two regimes were abruptly crossed over at
~ 1690 - 1700A.D. when monsoon winds suddenly increased in the Arabiar(Sehaet al,
2011) This lead to increased moisture availability towards the end of theehifury and together
with cold conditions to global gtieradvances during the LIfSinhaet al, 2011; Liuet al, 2017)

Prior tothe LIA, during the Medieval Warm Period mass balamaaslikelybeennegative over

an extended period of tinrend glaer exterts wereshrinking (Grove, 2001)However there is a
lack of agreement about the exact time of initiabbthe Little Ice Age and its enlGrove, 2001,
Ogilvie and Jonsson, 200anhd the exact period seems to be regionally varigkéddatelet al,
2008) Since the end of LIA glacier volumes akecreasing, runoff has increased and Ebave

risen dueo higher temperatures dnvill continue to dso due to global warmingaoet al, 1997,

Su and Shi, 2002; Shiyet al, 2003)

2.3 Surface Exposure Dating

Surface exposure dating with terrestrial cosmogenic nuclides (TCN) is gaining increasing promi-
nence in the study of surface processes and landscape evyiamchs and Kober, 2008%ix
broadly used cosmogenic nuclidé®Bg, 2°Al, 3¢Cl, He, **C and?!Ne) are applied for exposure
dating on rock surfaces of any rock type,dpdndently of its latitude and altitu¢g€osse and

11
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Phillips, 2001; Ivyochs and Kober, 2008 haeby exposure ages betweerf-10’ years can be
dated, depending on the athering rategGosse and Phillips, 2001; hogchs and Kober, 20084

TCN measurement in a roskirface enables more knowledge about erosion rates, fluvial incision
rates denudation rates, landscape evolution and the age of moraines and alluvium sexhchents
thus provides geomorphologists and glaciologists a powerful@msse and Phifls, 2001; Ivy

ochs and Kober, 2008)

TCN concentration in the rock surfaoé boulders that werdeposited on a moraineepresents

how long the rock has been exposed to cosmicalagghus the time span since glacial retfeal;,

1991, Gosse and Phillips, 2001; Bohktral, 2011a) This method is based on the assumption that
the rock was carried by the glacier, deposited on the moraine and since glacial retreattexposed
the bombardment bgosmic rays without any movement of the rock it¢Biihlertet al, 2011b;
Heymanet al, 2011) Measured concentrations of TCN accumulation, which have spatial and tem-
poral variations, can be converted iatmoluteexposure ages amscribe the timing of deposition

of a morainethus for a terminal morairiemore or lessepresentthemaximum exentof a glacier
(Gosseet al, 1995; Gosse and Phillips, 2001; Ba#tal, 2008; Ivyochs and Kol 2008; Owen

et al, 2008; Bohlerket al, 2011b)

2.3.1The Physical Principle of Dating with Beryllium Isotopes

Among several cosmogenic nuclidesBéryllium (*°Be) is ideally used for surface exposure da-
ting when the dated rodipe isgranite or geiss due to the fact th&#iBe builds up in silicate
minerals especially quartand isthereforeoften applied in geoscientific investigatiofiBuniz,
1998; Nishiizumiet al, 2007; lvyochs and Kober, 2008)Vhile cosmogenid®Be isradioactive

and has a halife time of 1388+ 0.018Ma years, théBe isotope is stablgKorschineket al,
2010) A steady flux of primary cosmic radiation consisting of highly energetic protons pad
ticles is banbarding the Earth and interacts with the ais &4d Q) when entering the upper at-
mosphereKig. 6) (Wagner, 1998)The secondary radiation, which consists mainly outatons,
neutrons, muons and photons, further clashes with the atoms of the air, decreases iangnergy
t hen appr oac he s(Gosde and Ehdhs, 2001)\8herssaconfdaaycc@smic rays hit

primary cosmic radiation (p, o)

©
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secondary radiation
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Fig. 6: Production of cosmogenic nuclides on Earth (Wagner, 1998)
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theupper part ofthe lithospherétarget element in a mineraijth sufficient energy, one or several
particles are ejected and the TCN (amongst otiBe) in the target element is produdgdy-

ochs and Kober,@D8) This process is called spallation and decreases exponentially with depth
(Lal, 1991; Ivyochs and Kober2008) Spallation next to the capture of slow muons are the main
production andater accumulation process of TCN in rogksal, 1991; Wagner, 1998; Gosse and
Phillips, 2001, Ivyochs and Kober, 2008)

The simplified accumulaibn of %Be in the rock surfacwithout inheritance nor erosias ex-
pressed in the following equation:

00 -z2p Q Eq. 1

where N stands for the amount of accumulatBe or any other TCN, P is the production rate
the samplingsite t is the duration of exposuemdae-is the decay constafivy-ochs and Kober,
2008; Zectet al, 2009) However, when rock surface weathering (erosieas likely, the follow-
ing equation should be used:

bo — p Q 7 Eq. 2
Herey is the density of the irradiated materidis the erosion rate argdstands for the attenuation
length (lvy-ochs and Kober, 2008Assuming that the rock was not exposed to cosmic radiation
previously, the calculated age identifies the event of inté@estse and Phillips, 2001; Zeehal,
2009) in thecase of this thes thedeposition of a morain@ig. 7 a). The likelihood of preexpo-
sure which then results in an inherited older @gg. 7 b) was found outo besmall (only 3%)
(Putkonen and Swanson, 2008urface instability (especially on terminal moraines) andi@no
which results irpostdepositionakxhumation of buried material, leadsatoeduced TCN concen-
trationand thugo an underestimatedepositionabge(Fig. 7 9 (Gosse and Phillips, 2001; Zech
et al, 2005; Oweret al, 2009; Heymaret al, 2011) Zechet al. (2005, 2009and Oweret al.
(2009)suggest selecting the ol dest exposure age
such a casén order to avoid that pblem, it is proposed to sample the largest boulders ideally on
the top of a glacial deposit (on the ridgeeymanet al, 2011)

Latitude and altitude mainly influence the local production rate of T(sse and Phillips,
2001) which have been calculated and described diffierent scaling factors including a refer-
ence production rate and to some extent by correctionaitations in theime-dependengeo-
magnetic field and solar variabilifizal, 1991; Stone, 2000; Dunai, 2001; Desilets and Zreda, 2003;
Lifton et al, 2005; Desilet®t al, 2006) However calculation of the productiorate still causes
problems and is muetiebatel (Owenet al, 2008, 2009)
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Fig. 7: Principle of preexposition and incomplete exposure resultmgn over respectivelyun-
der-estimation of the exposure age (Heyman et al. 011

2.3.2 Corrections tobe Applied

The following factors need to be considered when calculating surface exposure ages and take part
in the calibration of the scaling system:

Topographicshieldingandslopefrom the surrounding mountainsduces the cosmiay influx to
the rock surfacéBalcoet al, 2008) This loss of TCNswhich is the production rate at the site
relation with the mmount of TCNsthat would exist in the rock if the surface was fteeds to be
corrected with a so calleghielding facto(also see chapter 4.1.2 in Materials and Meth@@8islco
et al, 2008)

Elevationhighly affects the amount of nuclide production due to the atmospheric depth at the sam-
ple site, whereas the mean atmospheric pressure is the controlling variable to estimate the produc-
tion rate(Balco et al, 2008) Since formeratmospheric pressure is impossible to measure, the
altitude combined with a standard atmospfeeyation relationship is calculatéBalco et al,

2008)
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Theerosionrate influences theeliability of the TCN surfacexposure age anteeds to be taken
into account when calculating surface exposure éggsEq. 2fGosse and Phillips, 2001; Balco
et al, 2008)

Snow coveneeds to be considered in regions where the dated landform is shielded significantly
by its snow cove(Gosse and Phillips, 20Q2)/hen calctating the shielding by snow er, snow
depth(cd  j), snow density” i, the amount of months when snow existe effective at-
tenuation length@ and the height of the sampling boulder ( need to be taken into
accounfGosse and Phillips, 2001)

% —B 0 g Eqg. 3

The geomagnetic fieldnfluences the cosmiay intensity(Gosse and Phillips, 20QIhereis a
latitudinal effectandcosmic radiation varies longitudinally as wghosse and Phillips, 20QIhe
production rate of TCN rises with geomagnetidlake (Gosse and Phillips, 2001)

2.4 RelativeDating M ethods

Several different relative dating methods compare the age of rock ¢aysgctsvithout actually
measuring the absolute agenongstothers ichen, rock weathering and soils offer the best relative
dating methodsn agegBirkeland, 1973)In this study the weathering rind and rock hardness were
measure@ndthe related mébds arghus more thoroughlglescribedn thefollowing section

2.4.1 WeatheringRind

When a rock is exgsed tothe atmospherealkali/alkaline earth metals are dissolvéuae to the
availability of waterandgetwashed ou(Oguchi, 2001)This process isalled (biogee) chemica
weatheringThe presencef CaO, MgO, NgO, K-O and AbOs decreases in the weathering bands
(Oguchi, 2001)Iron, however, persists as ferric hydroxide in the rock andaoeitiation pro-
cesses an outbrown layer band is formed as soon as air is invo{@glchi, 2001)

This brownish layer is calleglweathering rind and ishownin Fig. 8. Such rinds are quantifiable
aftera few hundregears(depending on the type of rockihd its thickness depends on the degree
of penetration of oxidation of minerals below the rock surf&alatly, 1984) Weathering rind
thickness is measured in mm and mostly increaseshatiuration of exposurwards the rock
cente (Fig. 9) (Laustelaet al, 2003) Generally, the mean, modal or median value of thickness is
usedto estimate surface agésaustelaet al, 2003) Apart from he duration of exposition, grain
size and the degree of metamorphosis have the largkstrioé on the growth in dep{hinn,
1981)
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Fig. 8: Weatheringrind of a granite (sourcehttp://geologypics.com/we9/, 22.08.2018)

Furthermore, boulder orientation in space, its height above the soil, vegetation cover, the rock type
and the local climate may affect the developtmana weathering rindColman, 1977; Chinn,

1981) Weathering rind mesurements agarticularly usefufor relative age estimations of glacial

and periglacial material depts e.g.moraines or rock glacie(taustelaet al, 2003; Bohleret

al., 2011b)
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Fig. 9: Increasing weathering rind thickness with tinha(stela et al. 2003)

2.4.2 SchmidtHammer

The SchmidiHammer is a device which was originally engineered to test the quality of concrete
without destroying i{Schmidt, 1951)This portable instrument catsobe applied on rock sur-
facesto measuréherock hardnesgrig. 10) (Bohlertet al, 2011a) A bolt strikes the surfze and
generates a rebounB-{alue)(Bohlertet al, 2011a) Generally, it is presumed that rock surfaces
that have been exposed to weathering conditions for a lomgeratiesofter andthus prowde a

lower Rvalue tharfresh and unweatheredck surfaceg¢Bohlertet al, 2011b,a; Tomkingt al,

2016)
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Fig. 10: Conducting rock hardnesmeasurements ith thSchrrﬁtﬁmmer (Photo: Pierre
Lecomte, ESA photograpbher

Comparindrr-values is only justifiable wit rocks havingan identicalithology which thus have
equal surface hardneg¢®icCaroll, 1987) Variations in climate may cause different chemical
weatheringorocessesand thus result in disparities dfis relative dating technique in the event of
an application on a larger scdWinkler, 2005) Additionally, rock moisture and surface disconti-
nuities(Sumner and Nel, 20025 well asurface moisture conte(¥iles et al, 2011)play a role
on SchmidtHammer measurement results.
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Fig. 11: Thenegative correlation between weathering rind thickness and rock hardness (Laustela
et al. 2003)

The Rvalue and wathering rind thickness are negativelyretaied toeach othefLausteleet al,
2003) A low R-value and thus a strongly weathered rock surfaceslates witta large weather-
ing rinddepthand vice verséFig. 11).
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3. STUDY REGION
3.1 Location/ Physical Setting of the Barun Valley

The Barun Valley is located around 1&@ to the east of Kathmandu in the eastern part of Nepal
(Fig.12). Mount Makalu(8485m) is the highest mountain inifhvalley and gives the name to the
Makalu BarunNational Park which embraces the Barun Valley. TWedley is embedded in the
Himalayas andborders the TibetaRlateau tovards the north. Mount Everest (8848 is situated

19 km to thenorthwestof Mount Makalu.

N

A 5
. 2
-.A"'\

Mount Makalu

Kathmandu

Fig.12 Map of Nepalwith location of study site.

The HimalayarTibetan orogen arose through the tectonic collision of the Eurasian caatine
plate, the Indian plate and island aat®out50 Mio. yeas ago (Yin and Harrison, 2000)This
orogen ha an average elevation of 50&88as.l. (Fielding et al, 1994) The mountains of the
Himalayan orogen are the highestEarth and thisreais the most glaerised aeaaside from the
polar region(Haeberliet al, 1988; Dortchet al, 2013) The Himalayan orogen predominantly
consists of grstalline schists and gneiss from Precambrian and Palaeozoic(hiekse, 2004)
The highest mountains are composed of gneiss and granite riisjiples, 2004) Sand and lime-
stoneonly exists in the Tibetan Himalay@diehe, 2004)

The BarurKhola (river) which originates in the glaeilake(Barun Pokharipelowthe tongue of
the Barun Glaciers part of a river system thflows into Arun river anceventually conflueces
with the riverGanges, which delivers freshwater to billions of peaplepal, India and Bangla-
desh

The sequence dditeralmoraineswhere theock samples are collected for tiBe measurements
is located next to the Makalu Base Ca@p70 m) atroughly 5000m altitude at the end of Barun
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Pokhari(Fig.13). Barun Pokhari isearly completely encloséxy steep LIA moraine®8arunGlac-

ier is situated to thaorth of the lakeand has a soutbastern aspeci22°) Dead ice ofthe no
longer active glacier terminus borders the lake. The glacier tongue is only very slowly melting
away due to thick debris cover on top.

e,

s
Lateral Moraines Makalu Base Camp s g

Fig.13: Overview over field site, bluselectednoraine ridges
Photo: Perre Lecante, ESA photographer

Lower BarunGlacier terminates into Barwialley as well, however it is not part of this study and

no measurements have bganformedhere. Lower Barun glacier is calving into thewer Barun
Gladaerlake which is rapidi increasingn size sinceihas b een ob s er (Haridashyan t he
et al, 2018) Haritashyeet al.(2018) show thatdtween 2000 and 2017 the lake size has grown by
34%. Lower Barun Lake is likely to be the most voluminous and deepesildgikei in the Nepal
Himalaya. Due to the fact that this lake is hold backahyicecored moraingit is prone to natural

hazards such asitastrophiglacierlake outburst flood6GLOFs)and classified as one of the most
dangerous lakes in Nepal

There isno weather station in thregion However, a study conducted in the Rongbuk valley,
which is located 2&m northwest of Makalu Base Canpguggests thahe monthly mean iatem-
peratures above 5000 a&rs.l.are most likely below zerexcept for the months June, July, August
and Setember(Mannet al, 1996)

Vegetationn the upper part of the Barun Valley is sparse and limited &l sthrubs, grass and
moss. The tredine is atca.3800m a.s.|.When moving downstream in the Barun valley the vege-
tation becomes more and more temperate until at an altitudeuwfca500m the forest is tropical.

The BarurValley is largelyunpopulatedbut several small clusters of tea houses are spread in the
lower part of the valleyThe management of such tea houses and togegmSherpa, travel guide,
porter or cook)s the main income of the Nepalese population in this rediba.largest small
settlement is Yangri Kharka at 3660altitude.
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3.2 Himalayan Climate

The Barunvalley is dominated by two climatic systems: thiel-latitude westerlies and the South
AsiansummemonsoonBenn and Owen, 1998; Finket al, 2003) Several studies underline the
link between longerm and shofterm variabiliy of these two climatic systemith mounain
glacies advaning and retreahg throughout the Quaterna(@wenet al, 2008, 2009; Owen and
Dortch, 2014) Longterm variability is related to changes in the Northeamttsphere insolation,
while shortterm variability is linked tdluctuations within the climate system such as variation
in the Eurasan snow cover, the El Nifi8outhernOscillation (ENSO)r tropical sea surface tem-
peraturegHahnet al, 1976; Deyet al, 1982; Prell and Kutzbach, 1987, 1992; Soman and Slingo,
1997; Oweret al, 2008; Owen and Dortch, 2014glacial systems in the Himalaydibetanoro-

gen are strongly influenced by climate and topograi@wen and Dortch, 2014AIthough this
region plays a key role in the reconstruction of past glaciations and climate, knowledge is sparse
and oty available for selected sitéZechet al, 2009)

3.2.1 South AsiarSummer Monsoon

The Monsoon(or south Asian summer monsodn)a largescale, seasonahange of wind and
precipitation patternand builds u@n essential part of the general circulation of the H#téll

and Kutzbach, 1987; Soman and Slingo, 19@Xer one third of the tropical area is influenbgd

the monsoorfor several months during the northern hemisphere suni@mnan and Slingo,

1997) Additionally, it exchanges a considerable mass of air between the southern and northern
henispherg(Soman and Slingo, 199'Brecipitation asociated with the monsoon tlwatursfrom

June to September delivers the main amount of fresh wataHimns of people in India argbuth

east Asia anthushas gyreatinfluence on their livelihood and econorf8oman and Slingo, 1997)
However, the origin and dynamics of this climatic weather system are cor(ipiek and
Kutzbach, 1987)

In short,the yearly cycle of solar radiatioesuls in a warming of the African and Asian land-
masses during theorthern hemisphere summer and cooling during the northern hemisphere winter
(Prell and Kutzbach, 1987rell and Kutzbach (1987) explain thatedto the increased hezd-

pacity of adjacent ocean water in comparigmthe landmasses, the continents are warmer than
the oceans in thnorthern hemisphere summer and cooler in the northern hemisphere Wister.
strong heating of the atmosphere over the continents in suremétsrin an upwards motion of

the air and consequently responses with strong winds from the ocean to the tasfrigs14

A). Due to this inflow of air, largecale convergence of the surface windspressure cells over

the @ntinents and a maximum summer monsoon precipitatiacnorthern and eastern Africa and
southern Asia are caused.

In contrast, the Himalayahibetan orogen is dominated bhyid-latitude westerly windgwester-
lies) (Fig. 14 B) duringthe northern hemisphere winter tigainerallybring cold and relatively dry
air (Inoue, 1978; Benn and Owen, 1998bwever, heavy precipitation can fall as snow especially
in the western part of the Himalaydibetan orogn (Fig. 14 B) due to the westerly winds that
bring moisture from the Mediterranean, Black and Caspian(€easnet al, 2008)
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Fig. 14: Smplified model of the summer (A) and winter (B) air circulation over India and South
east Asia. Blue solid line: wind direction at about 6@8@mmer) and 3000 (winter) m a.s.l.; dark
blue dashed line: wind direction at about 600 m a.s.l. (Owen and Dortch, 2014).

3.2.2 Temperature andPrecipitation Regime

The southern and Eastern parts of Asia are affected by a distinct sypnatiertation maximum
(Fig. 15 B, due to increased moistuagailability during the south Asian summer monsooming
from the Indian OceafMurakami, 1987) The summer precipitation maximum results in high
snow accumulation in high altitudes of the Himalagasl western TibefYasunari and Inoue,
1978; Higuchi and Inoue, 198Xiowever, there is a sharp decline in summer precipitation from
south to north across the Himalayaogen and reachesrylow amounts ovethe Tibetan plataa
(Owenet al, 2008)

Similar tothe Everestegion, he Barun Valley is located at the transition zone and is therefore
influenced by both climate systems, the fatitude westerlies and the south Asian summer mon-
soon(Owenet al, 2009) As shown inFig. 15 Athemeanannual precipitation in the Barun Valley
amountsaround2000 mm. However, as there are no precipitation measurements nor temperature
values available for this vallgnd due to the low resolution of the m&jm( 15 the nmean annual
precipitation needs to be handled with care.

A study from the Lanchow Institute (197&jited in Mann, Sletten and Reanier, 1998pvide
someprecipitation measuremerftem the Rongbuk valley25 km northwest of Barul alley) for

the 1950s and 1960s, whereemtarid and cold climig dominates. The mean annual precipitation
in 1959 at 580 m altitude was 33#m. This isatthe same altitude as the dated moraines next to
Makalu Base Camp. The mean annual precipitation on 9@f@iitude between 1966 and 1969
was 790mm. However, asie Rongbulk/alley lies in the northern slope of Mount Eest andt

is therefore protected from major precipitation events, these values are proioablyowerthan

for the Barun Valley.

21



University of Zurich

Master 6s

Thes

i s

Laura Buchler

Sulamu

Turkestan Range
Alay Range

Ailuitek Pass
S.Alichur Range
Muztag Ata - Kongur
Hunza
Chitral
Swat ———————— |
Nanga Parbat — <
Central Karakoram (K2) —j

Ladakh ——— ]
Zanskar — |
Lahul —

Gorkha
Langtang

Khumbu

95°E 100°E 105°E

Mean annual
precipitation
(mm)
10870
10000
4000
3200
2800
2400
2000
1600
1400
1200
1000

4

.,u
)
4

A)

200

S0mm
10 mm

800 mm
500mm
100 mm

-

‘uﬁ\rk_’i'

Mean January Precipitation

500 <
Qilian ———— | 30°N 400 P
Kunlun y 300 Q:\.RD
LalJi ﬁ 200
Garhwal 7 '28 ~ g
Ayilari i
Nanda Devi / il

. _— Gonga

Mean July Precipitation

2400

Fig. 15. A: Mean annual precipitation aoss the Himalayas and the Tibetan plateau. B: Mean
January and mean July precipitation across the same region. (Owen et al., 2008)

Although this region experiences a distinct summer precipitation maxemarat the same time
the main glacier accumulatioglacierablation is also at its peak duritige nothern hemisphere
summer(Webster, 1987a,b, cited in Owenal, 2008) This is due to the high temperatures result-
ing from direct solar radiatignas well assensible and latent heatleased by condensation
(Webser, 1987a,b, cited i©wenet al, 2008)

3.2.3RecentChanges andPast Variability of Climate

Numerous studies in recent years suggest that glaciation throughout the HiriElagtam orogen
is enfor@d by the interaction between the south Asian summer monsoon atatitnie wester-
lies (Benn and Owen, 1998; Finket al, 2003; Oweret al, 2009; Owen and Dortch, 201As
these two dominant chae systems varied significantly during the&@ernaryphases oglacia-

tion and deglaciatioacross the orogen occurred asynchror{8esin and Owen, 1998; Owen and
Dortch, 2014)

Finkel et al. (2003) explain thatncreased insolation andarmer climatdeads to anoreactive
south Asian summer monsoon. Therebyniasture delivery is enlarged which results in glacial
advances in the Himalayas whémereased snowfall takes plaaehigh altitudesThese findings
assist to grasp the importancetioé influence ofjlobal climate change and monscam thebe-
haviourof glaciers in the Himalayafibetan orogen and its sensitive response to climate change.

However, simultaneousiie kehaviour osome glaciesremairs synchronous with Northern hem-
isphere ice shegrrowth and decaglue to spatially variable and topogragaily controlled precip-
itation patterngZechet al, 2009; Satet al, 2014) Generally, glaciers that lay iorographically
shielded regions tend to be more sensitive to variations in precipitation, while glaciers with high

precipitation inputs tend to be more sensitive to variations in tempe(deoket al, 2009; Sati
et al, 2014)

The monsoon provokes periodicchanges in stngth over a geological time scadecording to
Prell and Kutzbach (1987%tudies indicate that during theGM ar ound 1806000 ye
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Indian summer monsoon was significantly weaker. Whereas, durinilith&iolocene around
9 0 010D Geaars ago therength of the monsoon was higher.

A studyby Wanget al. (2001)proclaims that wygen isobpe archies of speleothem calcitEom

Hulu Cave in the eastern part of China show a sirbiédraviouras oxygen isotope records from
Greenland ice cord&ig. 16). This impliesthat the east Asian summer monsoon intensity clthnge

more or lessynchronous with Greenland temperaturesat | east bet ween 1160
B.P. A prominent drop int*0 i n both records around 126000
YoungerDryas (YD) glaciation Stalagmites may assist to correlate older events once ice core
records are more uncertain.
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Fig. 16: Time series ai*®0 values; purpleblue and black: from Hulu Cave stalagmites; dark blue
and grey: from th&reenland ice (Wang et al., 2001)
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4. MATERIALS AND METHODS

4.1 Dating Moraines
4.1.1 Sampling Strategy

Prior to the fieldwork, we identified series oéightglacial moraine®n the orographically right
hand sidenext to Makalu Base Camp usingry high resolution satellite images fr@oogle Earth
and Flickr photogFig. 17), whereofthreewereselectedo obtain rock samplesifé®Be measure-
ments Whenreferring to the numbers shownhig.17, we sampled one boulder of moraine 1, two
boulders of moraine 2 and two boulders of moraine 5. We preferemtiakysamples ahe largest
granitic boulders that lay on the highest point of the morainiacteag thelikelihood that it was
deposited by the glacier and not through a rocldaéint from the side. Large boulders have a
higher chance of having escaped pgiscial $ielding and therefore the likelihood of a more ac-
curate exposure age is higher thandmaller bouldergHeymanet al, 2016) Additionally, they
are less likely to have moved or tipped sideways, which has to be atmidleel boulders selected
for taking samples for surface exposure dating measurements.

P
]
7,

Fig. 17: Sequance of moraines next to Makalu Base Car®hgta Oleg Bartunov, source:
flickr.com).

4.1.2 Field Measurements

Once the boulders where located, a 20 x 20 cm raster with @ depth was cut into the rock,
preferentially on a flat area on top of thieck. The raster was cut with a flex (diamond saw) and

later carved out with a hammer and a chis&j.(18 E). We collected between-12 kg of rock

chips, which verelater taken to the lab at the University of Zurich (Switzerland) fot’Be meas-
urements.

From each block we noted the coordinates and altitude with help of a Garmin GPS, took photo-
graphs and described it. The description includes measurements of the shielding by the surrounding
topography (where every 10° the topographic height was nmezhstiig. 18B) and dip and strike
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Fig. 18: Field measurements; A: weathering rind; B: topographic shielding; C+D: Schhaint-
mer; E: cutting rocks out with hammer and chisel; F: strike and dip; Photos: Pierre Lecomte, ESA
photographer

measurement of the area where we took the rock sankitesl8 F) with a Suunto Tandem cli-
nometer, if inclined. These parameters were later used for a calibration of the model to calculate
the age of the moraine addition, we made 50 @asurementsraund each block with the
Schmidthammer Fig. 18C+D). Furthermore, we also measured the weathering rind of 50 smaller
rocks around each blockif). 18 A). More detailed sample information about each sample site is
provided inTable2.

Table2: Data information for each sample site

Mean

10Be
Latitude Longitude Elevation Topographic . Sample
+ -
Sample ID ©N) CE) (masl) shielding Dating Snowfactor Thickness (atoms/g atoms g-1
( Qz)
cm)
First No 2 17197 17197
First Yes 13.1 694545 17197
MAKA 1A 278424 8707313 5026 0932
- Second No 2 654662 15992
Second Yes 13.1 T26675 15992
First No 25 24819 24819
First Yes 136 485937 24819
MAKA 2A 2784275 87.07393 3034 0.959687
Second No 25 378175 13491
Second Yes 136 423556 13491
First No 2125 12413 12413
First Yes 13.35 503308 12413
MAKA 2B 2784288 8707372 5040 0.963839
- Second No 225 434182 12060
Second Yes 13.35 484113 12060
First No 175 8478 8478
First Yes 1285 192520 8478
MAKA 3 A 278377 87.07373 4995 0.972529
Second No 175 159497 10747
Second Yes 1285 176723 10747
First No 175 10190 10190
First Yes 12.85 339515 10190
MAKA 3B 278382 8707402 5001 0971193
- Second No 175 293959 9163
Second Yes 12.85 325707 9163
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We assumed the erosion rate the be 0.0001¢rang a rock density of 2.7 g chas the lithology

is felsic granite Table2). Additionally, we calclated a snow cover correction factor for each site
as we presume 2 m of snow with a density 0.3 § ower 6 months of the year. More detailed
information about the data input parameters for CRONUS Hexjplained insection4.1.4) is
provided in theAppendix (Tablel11).

In Fig. 19 a panoramaicture of each dated block with its surroundings is shown. As the photo-
graphs hag been taken in panorama modus, the view is slightly distorted. Gtz ridges are
orientated in norttsouth direction and have altitudes from 4995 m to 5048srthesample site

is located in the middle of the Himalayas, the surrounding mountainsiatigely high (generally
600-C@O000 m) wi (8485 mks.l.)in ke hodhl the topographic shielding amounts
0.93-0.97.

MAKA 1A

s

MAKA. 2A

. MAKA-3B% + -

ke

~

Fig. 19: Each sampled block with its surroundings; Photos: Pierre Lecomte pEStagrapher
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A closeup photograph of each dated block isegentedin Fig. 20. Block MAKA_1.A,
MAKA _2.A and MAKA_3B are well embedded in the moraine, where as MAKE_and
MAKA_3.A lay on top. However, their size indicates that a tipping of the blaokbelargely
excluded.

Dated Blocks in the

Barun Valley
(Makalu Base Camp, Nepal)

Fig. 20: Photograph of each dad block to locate the sampling area; A: MAKAA1B:
MAKA 2A, C: MAKA_2B, D: MAKA 3A, E: MAKA _3B; Photos: Pierre Lecomte, ESA photog-
rapher.
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4.1.3 Preparation of the Samples/ AMS

The rock samples from the field were taken to the laboratory atritverdity of Zurich, Switzer-
land, where standard procedures for sample preparation and arfali@meed (Kohl and
Nishiizumi, 1992; von Blanckenbueg al, 1996, 2004)In brief, this firstly involves crushing and
sieving of the rock chips to obtain at least 400g oDtB&-0.6mmfraction(Fig. 21 D). Afterwards

the samples were treated with Aqua regia, which is a mixtunéric acid and hydrochloric acid
(Fig. 21 A). It is usedfor removng organic compounds and carbonafBse renaining samples
were exerted with a method callftatation, which separates feldspar from the rest of the samples
due to a difference in density. Thereafteaching withhydrofluoric acid (HF) was used to obtain
pure quartz. This treatment has been reggkaeveral times until the samples were as clean as
possible. However, some particles were indestructible, which then have been removed by hand-
picking. As HFis able todissolve quartz, too, a carri€éBg) has been added, to quantify the loss
of 19Be inthe endAn additional HF treatment was applied to completely decompose quartz as for
thefurther processirgiquartz was used in liquid fornm a next stepron (Fe) was removedvith
ananion exchange colum(with 2 ml of Biorad 3X8 100-200 mesh)Kig. 21 C). Then aluminium

(Al) wasseparated from Be with help otation exchange colun{with 1 ml Biorad AG50WX8
200-400 mesh). After the removal of Fe and Al Berylliwasrelatively pure. However, with an
addition of NHOH Be predpitated and ould be extracted after using the centrifugég( 21 B).

After drying we got BeO whicls the final product that wasrovidedto the ETH at Honggerberg

for the accelerated Ma Spectrometry (AMS) measuremehthe°BefBe ratia This whole pro-
cedureas well aghe AMS measurementeseapplied twice to every sampile orderto receivea
more accurate exposure age and to be able to better confine the uncertainties.

Fig. 21 Lab work; A: AguaRegia, B: Centrifuge, C: Columns, D: samples before crushing and
sieving, E: sample preparation before Fe removal; Photos: Laura Bichler
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4.1.4Calibration and Scaling System

When calculating cosmogenmnuiclide production ratesscaling systens required which defines

the variation of the production rate with time, location and alti{@adécoet al, 2008) Secondly

a reference production rate at a certain time and location (which is typically the curreait seae

level and in high latituday neededBalcoet al, 2008) The smplest, earliest and most common
productionrate scaling scheme is from Stone (2000) following Lal (1@®t)comprises a varia-

tion in spallogenigroduction rates with latitude and atmospheric pressure but supposes the pro-
duction rate to be constant thghutime(Balcoet al, 2008) Yet , t he strength of
netic field has varied in the past and tthesproduction rate must have as wWBHhlicoet al, 2008)

The scalingscheme of Lal (1991) and Stone (2000) is therefore not optimally adapted. Alternative
scaling methods have been developszkntlywhich considechanges in production rates due to
elevation variations in the magnetic field and solar variabi(ibunai, 2001; Desilets and Zreda,
2003; Liftonet al, 2005; Desiletet al, 2006)

However, # 1°Be TCN agegrom this studywere calculatedy the Lal 1991)and Ston&2000)
constant production rate model using the CRONUS Earth 2.2 calculator with the H&@hdn
calibration data set compilation, which is especially adapted to the Tibetan plateau and Himalayan
region (http://hess.ess.washington.edu/math/al_be_v22/alt_cal/Heyman_compilation_input_aspu-
blished.htm). We used this model becaudgen and Dortch (20)4uggested that studies focus-

ing on the timing of glaciation and relations to climatic records ought to use thantependent
scaling model from Lal (1991) and Stone (2000). This provokes more thoroughrabitifyabe-

tween other studies as long as the geomagnetic correction and-teeeddaghlatitude (SLHL)
production rate uncertainties are not yet very well allod@eeen and Dortch, 2014)onethéess,
expasure ages fromime varying production models from other studieal, 1991; Stone, 2000;
Dunai, 2001; Desilstand Zreda, 2003; Liftoet al, 2005; Desilet&t al, 2006)are included in
Table3. Exposure ages derived from theungerdeveloped scaling systems as frbesilds and

Zreda (2003)Lifton et al.(2005) and Desilets, Zreda and Pré®@06)are generally very similar,
whereas Dunai (2001)al (1991) and Stone (2000) are slightly older for Ristocenand early
Holoceneevents and slightly younger ftate Holocene events.

Additional to the geomagnetic fielthe topographic sklding, altitude, latitude, a snow cover cor-
rection and erosion are input parameters in CRONUS Earth when calculating the surface exposure
age of a blocKseealsocorrections to beppliedin section2.3.2)

In order to vanquisBomeproblems with datinga strategy taken by some researchers is to apply
both optically stimulated luminescence (OSL) and TCN methods within one wdgn and
Dortch, 2014) Unfortunately, the OSL method was not performettiin this study due to limited
capacities on the expedition to Makalu Base Camp.
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4.2 Glacier Outline and ELA Reconstruction
4.2 .1Methods to Estimate Former Glacier ELAS

Thebalance ratio (BRexplicitly addresses glacier mass balacakeulationsandis based on the
assumption thatl) accumulation and ablation gradients of a glacier are more or less linga) and
the ratio between accumulation and ablation gradient is iden{fadish and Andrews, 1984;
Benn and Lehmkuhl, 2000J hereforethis method is only useful when topograpmaps are ac-
cessible and thus the hypsometry of a (former) glasienown or can be reconstructed with sur-
face contourgBenn and Lehmkuhl, 2000The BR method, however, is unsuitable for glaciers
whena major amount of the accumulation is derived throughaaehding and where the ablation
gradient is highly influenced by debris coyBennand Lehmkuhl, 2000)

According toBennand Lehmkuh(2000) theaccumulatiorarea ratio (AAR)s the relative size

of the accumulatiomrea compared to the totlea of a glacielSimilar tothe BR the AARre-
quires contour lined maps of former glaciers andthasonly be applied where topographic data
is available Balanced budgefAARs (AARg) in high mountain areas generally lie in the range
0.5- 0.8and around 0.58 in the global mg@yurgerovet al, 2009) However,AAR( valuesare
highly variableamongglaciers dugo variations in debris cover extehtypsometryand different
optionsfor nourishmenin the accumulation (snowfall or avalanchittgnce, constarAARo val-

ues should baken with car@ver a whole regiofBenn and Lehmkuhl, 2000enerally, debris
covered glaciers have lower AARaluesthan clean glaciersnostly resulting fronthe lower ab-
lation and thus increasing exteoitthe abléon (Muller, 1980; Clarket al,, 1994)

Themaximunelevationof lateral moraine§MELM) exerts the relationship betwettre ELA, and
patterns of glacigenic deposition and thus offeralternative to estimate the minimum altitude of
the ELA of former glaciergBenn and Lehmkuhl, 2000)This method can be used in areas where
no topographic maps are available as no former glacier surface is redenedand Lehmkuhl,
2000) Due to the fact that glacier ablation and thus lateral moraine depasitarsonly below

the ELA, the highest lateral morainages reveal the minimum altitude of a former ELA
(Lichtenecker, 1938However, as morainic material may not be deposited instantaneously below
the ELA, this method causes some corgilbns(Benn and Lehmkuhl, 2000further problems
are the fast degradation of lateral moraines on deglaciatidthe steepness of therrain which
may prevent a morainic depositiohpth leadng to mistakenly low ELA estimation8enn and
Lehmkuhl, 2000)On the contrey, when glacier retreat is slow, continuous deposition ofisleb
may overprint earlier lateral moraines aneld higher ELAYBenn and Ehmkuhl, 2000Q)

Thetoeto-headwall altitude ratiqTHAR)presumes that the Elies at a constant ratio between
the altitude of the toe gAwhich is the lowest point of a glacier atnéheadwall (A) which is the
highest poin{Meierding, 1982; Kayastha and Harrison, 2008)

000 YOO8 0O Eq.4

A THAR of 0.5 corresponds to thmid-point elevation of a glacieAlternative THAR values
between 0.35 0.5 were used for clean glagdMeierding, 1982; Porter, Pierce and Hamilton,
1983 in Porter, 1983Debriscovered taciers, however, have a higher THARY0.0.8) due to
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the increased ablation areze (Clark et al, 1994; Benn and Lehmkuhl, 2000; Sche#geérl,
2010) Yet, defining the beginning of the headwall can be debatable or impossidéimesBenn

and Lehmkuhl, 2000)rhis method does not csider glacier mass balance nor its hypsometry and
is thus venpbasic(Benn and Lehmkuhl, 2000)everthelesthe THAR methodgivesarapd gen-

eral estimation abotthe ELA, in areas with pooor unreliablemap coeragegBenn and Lehmkuhl,
2000)

The toeto-summitaltitude methodTSAM)is asimilar methodlike THAR but tries toavoid the
problemof definingthe start othe headwallThe TSAM estimates the ELA by using the maximum
altitude of the glacier catchment (peak) instead of the headwall of a dlamigs, 1955; Benn
andLehmkuhl, 2000) This method is verfastand provides good results whehe map coverage

is poor(Benn and Lehmkuhl, 2000 the Ewopean AlpsELA estimations tend to be slightly to
high (Grosset al, 1976)whereas in the Mongolian Altai the estinoas fit wellto the observed
snowlinegLehmkuhl, 1998h)Where the highest #itide of the catchment is unrepresentative and
induces problems, the average elevation of a catchment can be taken instead. Nevdntheless,
suitable THAR and TSAM values for each region/glacier are to be identified empirisatgya

vary considerably wthin the region and glacier tyg8enn and Lehmkuhl, 2000)

4.2.2Glacier Inventories

To improve calculatins of past and future amges of glacier masshe fifth assessmemeport
(ARD) of the Intergovernmental Panel on Climate Change (IPCC) required alglobaiplete
compilation of digital outlines of glacie(Pfefferetal., 2014) Therefore,theglaciological com-
munity compiled théRandolph Glacier Inventory (RGI) in@mparablyshort time (1- 2 years)

with limited resourcegPfefferet al, 2014)based on existing datasets such as the GLIMS glacier
daBbasgRaupet al, 2007). Ar ound dl&i8r@life8 were nialy derived from satellite
imageryacquired ovethe19992010period Seasonal snoanddebris covepnthe tonguéded to
misinterpretations and caubeegionally areaincertaintiegPfefferet al, 2014)

Later in 2015anotherglacier inventoryfor high-mountain Asia was presented INuimuraet al.

(2015) This new inventorycalled Glacier Area Mapping for Discharge in Asia Mountains
(GAMDAM)cont ains 876084 gl aci er o utudingbarelsatdatayhi c h
a digital elevation model (DEM) and Google Earth imagdriye GAMDAM glacier inventory

(GGI) comprises 24% less surface area e RGI due to thenequality in headwall definition,

the exclusion of seasonal snow cover and shaded glacier, zaokegenera glacier retreat since

the 1970s

The GGI hascurrentlybeen updated, improved and is presented in GAMDAB&kai, 2018

Both inventories RGI and GAMDAM21 areoperated witn this thesisFigure 22showsthe
glacier outlines for Barun Glacier, its side glaciers and Lower Barun Glacier extracted from the
two inventories. Disparities are mainly located at the tongukeimthe headwall definition. As
Barun Glacier is heavily debris covered, defining its glaeisminusremaingdifficult.
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Barun Glacler

Side Glaciers Sarun

edy.
5 5% "%\ - Lower Barun Glacier

Fig.22 Todaybés glacier outlines from two differ:
glaciers am Lower Barun Glacier. Left: Randolph Glacier Inventory. Right: GAMDAM2 Glacier
Inventory.

While the RGI determines its terminus at the end of the lake where (probably dead) ice shows up,
the GAMDAM2 Glacier Inventory places the glacier tongueighly 140 m higher up. Thsame

effect appears at the steep headwall of Barun Glacier. The accumulation area derived from
GAMDAM?2 is significantly larger and reaches higher altitudes than tt@one fronRGI. This
discrepancespecially influences EL#festimationsvhen using methods like THAR or TSAM and
needs to b&ept in mind

4.2 3Inversed THAR Method

The age of lateral morainesof limited usewhen it comes tthereconstructions of former glacier
outlines. Dated terminal moraines anechmore beneficialn this regardHowever, as wéave
not found preLlA terminal moraines in the Barun Valley, wensidered resultsom a studyby
Finkel et al. (2003)which was conducteth the neighbourindchumbu Valley. They performed
surface exposure dating witPBe on several lateral and terminal moraines from Khu@lagier,
Ama DablamGlacier, NuptseGlacier, Kyubo Glacieranda nameless glacier which is henceforth
calledHillary Glacierin this thesigFig. 23). Thesedata wereused to determinéné toe of each
glacier at the dated time permgk 1 ka, + 3ka, + 8- 9 ka and + 16 25 ka(Finkel et al, 2003).
Headwall altitudes were derived from the glacier invee®(RGI and GAMDAM2) and wes
assumedbeingat the same altitude ovire entire periodwith these two input parametdtse and
headwall altitudethe THAR method could be applied to estimate forikeAo valuesof these
glaciers.lt was not clear whicHHAR valuesare best applied so values®b, 0.6 and 0.Were
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useddue to the heavy debris cover of these glac@ngetheformer ELAs from the neighbouring
valley glacierswere calculated, we corapr ed t hese est i mavaluesandscal-wi t h
culaed their differencegELA). The meamyELA of each time period (ice age) was then applied
ont o d ay 6 sBarEnLGhacieXdut of both RGl and GAMDAMZ2) and consequently the former
terminus of Barun Glacier could be estimated and modelled for different time pertbdshat

we call heretheinversed THARnethod

Fig. 23: Overview over incorporated glaciers from Finkel et al. (2003) and glaciers from the Barun
Valley (without side glaciers) for ELA reconstruction purposes extracted froRetidolph Glac-
ier Inventory (RGI)

Glaciersin this region, however, ararrentlynot in steady statén this regard, comparingrmer
glacier ELAswitht o day 6 s e Xmitedrsense. Thesekore,sve additionally referenced the
gceLA on the LI A ex ElAnThelLIAmsrairesate very clearlp detectadles,
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thus it wasstraightforwardo define the_LIA ELA of Barun Glacieandthe glaciers from thEinkel
et al. (2003)study.

To handé the headwall definition problemwe applied three different strategiesstly, the highest
altitude of the whole glacier (7056for RGIl and 7416.8 m for GAMDAMRwas used to calculate

the former gla@r terminus with the inversed THAR methadain wih a THAR value of 0.5, 0.6

and 0.7 Secondly, the mean elevation of seven contributing basins in the accumulation area
(6070m, 6236m, 6316m, 6422m, 6543m, 6905m, 7056m) was calculated and reted in a

mean elevation of 6506 m. This is 5%0lower than with the highest peak method of the conven-
tional THAR method and thus renders quite a different re$ultdly, the ELA was estimated
separately in each of the four main basins with locally diffe headwall altitudes (631,
6316m, 6905m, 7056m). The second and third headwall definitions were then calculated only
with THAR values of 0.5 and 0#&nd only with the Randolph Glacier Inventory

Oncetheformer glacier toes of differentecages were estimated, former glacier extenisdcbe
reconstructed in ArcGl8singa hill shading layer derived frorthe High Mountain Asia (HMA)
8-meter resolution DEM from National Snow and Ice Data CenterNSIDC)
(http://dx.doi.org/10.5067/KX®Q9L172S2 01.09.2018)the dated lateral moraines and satellite
images
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5. RESULTS

5.1 Surface Exposure Dating

The results fronthe TCNsurface exposure dating of the sequence of moraines next to Makalu
Base Camp are compiledhing. 24. They were all derived with the constant production rate model
of Lal (1991) and Stone (20Q00he first dating of the outermost moraifildock MAKA_1.A)
revealed an age of 12.2570.751 kaincluding a snow correctin andwith the Heyman Model,
which is especially accurate for the Himalayan regibne second dating pilaced a slightly
higher age of 12.832 0.773 kaThis moraine is from now on namédte Pleistocenanoraine

Block MAKA_2.A on thesecond outermost moraine showed an age of 8.3 £ 0.63 ka in the first
dating and 7.226 + 0.464 ka in the second datiiy an applied snow correctiomhe second
block on the same moraine (MAKA _2.B) yielded a slightly higher age of 8.523 + 0.52 ka in the
first and 8.195 + 0.5 ka in the second dativith a snow correctiariThus, he second outermost
moraine is from now on calldgarly Holocene morainedMAKA _3.A was dated to the age&R64

+ 0.231ka in the first dating session and 2.995 + 0.24vin the second dating with a snow
correctionBlock MAKA 3.B on the same moraine lded a higher age of 5.764 + 0.3&in the

first and 5.528 + 0.34Kain the secod dating with a snow correctiofthis latter moraine will be
termedLate Holocene morainkencéorth.
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L ]
4000
G
Q
< ¢
6000 Early Holocene
8000 1 I
®
1
10000
LatePleistocene
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Relative ages of Moraines

Fig. 24: Surface exposure ages of blocks on the moraines at Makalu Base Camp with a snow cor-
rection vith theHeyman Model adapted for the Himalayas
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Without snow correction the derrived agiEem the blocksare younger han with a snow
correction. MAKA 1A was dated to 10.056 £ 0.626 ka in the first and 10.527 + 0.642 ka in the
second datingvithout any snow correctiolMAKA _2.A showed an age of 6.7550.541 ka and

5.882 + 0.389 ka in the secoddtingand the ages for MKA _2.B are6.966 + 0.432 ka and 6.698

*+ 0.417 ka. The.ate Holocene moraine revealed an age of 2.687 + 0.198 ka in the first and 2.466
+ 0.215 ka in the second dating for MAKA.A and4.743 + 0.307 ka in the first and 4.549

+ 0.29 ka in e second dating for MAKA3.B without snow correction.

The derived ages from the first and second datiitly a snow correctiolmave been averaged
generate a more accurate surface exposure ageddteddblocks (seeFig. 25. Consequentlythe
Late Reistocene moraine has an age of 12.5445 + 0.762 kkatheHolocene moraine contains
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Fig. 25: Dated blocks next to MakaBase Camp with surface exposure ages; purple: dated mo-
raines within this study; light blue: existing ¢l moraines derived from an in situ visual assess-
ment, satellite images and a DEM (not dated); dark blue: potential terminal moraines (not dated)
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of two blocks with the averaged ages 7.763 = 0.547 ka and 8.359 + 0.51 ka hatkth®locene
moraine corprises two blocks as well, with the averaged ages 3.1295 + 0.239 ka and 5.646
+ 0.354 ka.

The constant production rate model from LE91) and Stone (2000) has been applied in this
thesis, however,ges derived from time varying produationodels are provided ihable3 (Lal,
1991, Stone, 2000; Dunai, 2001; Desilets and Zreda, 2003; lefta) 2005; Desiletst al, 2006)
with and without snoveorrectionfor both the first and second datiriche more lately developed
scaling systems from Desilets and Zred@03), Liftonet al. (2005) and Desiletst al. (2006)
generally have very similar exposure ages. Dunai (2001), Lal (1991) and Stoneté2@0@) get
older ages fotate Pleistocene arighrly Holocene events, whereas k@te Holocene events they
tend tobe younger than Desilets and Zreda (2003), Li&bal.(2005) and Desiletst al. (2006)

The differenceébetween the scaling models the oldest and youngest derived dgeone block

in theLate Pleistocene moraines is between 0170495 ka. Scaling models differ between 0.296
i 0.580 ka in theearly Holocene moraine, in contrast to thate Holocene moraine, where the
differenceamourts between 0.2460.325 kaGenerally, the dference between the scaling system
as well as the external uncertainty bathincreasing withan increasedge.CRONUS input data

is provided in theappendix Tablell).

Table3: Exposure ages derived from different production rate scaling models (constant production
rate model vs. time varying production models) with and without snow correction factor for the
first andsecond datingf each blok

Constrant production rate model Time varying production models
Lal
Lal Desilets et
Producti Lifton et al. 1991)/St:
. (1991)/Stone  Bxternal " al (2003, external 2 extenal external  (ODStone - emal
Sample I Dating Snowfactor 5 . rate . (2001) . (2005) . (2000) .
2000y uncertainty . 2006)  uncertaint uncertainty uncertainty . uncertainty
(spallation) ) exposure exposire timedep.
SRR Gm) (atoms/g/vr) =EmE §Ew age (a) Gm age (a) Gm) exposure age Gm
o) age (a)
@

First No 10056 626 62.13 9347 729 9906 748 9366 666 9826 573
First Yes 12257 751 56.69 11242 868 11812 883 11162 784 11968 685

MAKA 1A ~
Second No 10527 642 62.13 9761 751 10309 768 9757 683 10279 586
Second Yes 12832 773 56.69 11746 297 12318 910 11637 807 12527 703
First No 6755 541 63.94 6360 590 6869 623 6480 564 6612 509
First Yes 8300 630 58.34 7748 691 8306 723 7845 653 8049 585

MAKA 2A ~
Second No 5882 389 63.94 3630 456 5926 466 5726 426 5860 366
Second Yes 7226 464 58.34 6791 340 7333 565 6919 503 7025 424
First No 6966 432 64.52 6550 309 7077 533 6675 473 6794 395
First Yes 8523 520 58.87 7943 611 8502 633 8031 562 8271 471

MAKA 2B ~
Second No 6698 417 64.52 6308 491 6804 513 6426 456 6564 383
Second Yes 8195 500 58.87 7652 589 8210 611 7754 543 7944 453
First No 2687 198 64.08 2797 244 2950 251 2883 235 2913 206
First Yes 3264 231 5847 3349 284 3530 291 3437 270 3478 235

MAKA 3A ~
Second No 2466 215 64.08 2572 255 2712 263 2653 249 2680 227
Second Yes 2995 247 5847 3100 294 3260 302 3184 284 3218 256
First No 4743 307 64.17 4752 379 5045 391 4855 356 4857 296
First Yes 5764 364 5854 5545 436 5837 445 5641 405 5758 342

MAKA 3B ~
Second No 4549 290 64.17 4585 362 4874 373 4685 339 4679 280
Second Yes 5528 344 58.54 5369 418 5642 425 5458 388 5554 324
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5.2 SchmidtHammer

Around each dated blockock hardness measurements with the Schi@hmer have been con-
ducted and are illustrated in a boxplotHig. 26. The rock hardness of block MAKA 1.A varies
between arR-value of 18 7 49 with a mean of 34.28 and the median at(f34= 50) Block
MAKA_2.A reveals higher rock hardness values wRivalues raging from 31i 54. Its mean
R-value lies at 42.68 and the median a{42 50) Block MAKA_2.B on the same moraine has
lower rock hardneswith a mean of 32.52 and median of 33, but a broader range of single rock
hardness measurement valuestihating between 184 (n = 50) Block MAKA_3.A on the late
Holocene moraine h&-values between 1664 with a mean of 38.3&d a median of 4(h = 50)
whereas the other block on the same moraine (MAKA_3.BRhealues between 2656, a mean
of 41.88and a median of 4¢h = 50) Detailed informatiorabout SchmidHammer results is pro-
vided in the appendifTablel12).

50

40+

r-value

MAKA_ 1A MAKA_2.A MAKA_2B MAKA_3.A MAKA_3.B
Site

Fig. 26: SchmidtHammer measurements per dated block

The ShapireWilk normality test of every sirg site showed that they are normally distributed
MAKA 1.A has a pvalue of 0.4855 (W = 0.97802),AKA_2.A features a yvalue of 0.2838 (W

= 0.9722), MAKA 2.B shows a-palue of 0.1083 (W = 0.96205), MAKA 3.A has aalue of
0.06035 (W = 0.96205) and MAKA_3.B produced-agiue of 0.1267 (W = 0.96367). They are
all higher than 0.05 and are thus normgalistributed which favors the application of a anay
ANOVA analysis. The results of the analysis of the variances confirms that the means of the rock
hardness measurements of the five sites are significantly (***) diffexith F(4,244) = 15.92 and
p = 1.36*10L. The linear trendline of the meankowever, reveals a low coefficient of
determination (R of 0.1468 and has the following appearance y = 1.09x + 34®¥8ever when
looking at the data (Boxplot) eventhough MAKA_2ad MAKA_2.B are locai# on the same
moraine and should therefore have identRalalues, theyare very differentA MannWhitney
rank sum test confirms that there is a statistically significargreifice between these two sites (P
= < 0.001). MAKA 3.A and MAKA_3.B are situatleon the same moraine as weélhey are
according to a ManVhitney rank sum test statistically not significantly different (p = 0.092).
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Regardlesso the fact thathetwo blockslocated on the same moraine are statistically different,
they are gathereahd compiledn Fig. 27. TheLate Pleistocene moraine (12 ka) still has the same
mean of 328 and median of 34n = 50) TheEarly Holocene moraing ka) however features

a mearR-value of 37.6 and a median of @9= 100) TheLate Holocene moraine (3 ka) holds the
highest mean of 40.13 and a median of#% 100) These SchmidHammer results demonstrate

a negative correlation between the rock hardness and duration of rock surface exposure to
weathering conditionsThe longera rock surface has been exposed to the atmospghetewer

are itsR-values and thutheweaker or softeis therock surfaces and vice versa.

60

r-value

20+ ‘

3ka 8 ka 12 ka
Site

Fig. 27: SchmidtHammer measurements per moraine

A ShapiraWilk normality test and histogram analysis of each site but also per moraine indicates
thatall dataaremore or lesormally distribuéd. The late Pleistocenmoraine has a-palue of

0.4855 (> 0.05) in the Shap#wilk normality test (W = 0.97802})he Early Holocene moraine
factdiscloses a{value of 0.a648(< 0.05) in the ShapirdVilk normality te$ (W = 0.%5832, but

when considering the histogramm the data looie or lessormally distributed The Late
Holocene moraine has awalue of 0.06535 (> 0.05) in the ShapWilk normality test

(W =0.97606)An analysis of varianceoneway ANOVA) wasbe performedvhich showed that

the means of the three moraines are significantly (***) diffenaith F(2,246)= 8.022 and
p=0.000422The linear trendline of the means reveatsefficient of determinatio(R?) of 0.994

and has the following appareange= 2.925x + 31.487However, since one dataset was not
normally distributedaccording to the Shapié/ilk normality test aditionally, a KruskatWallis
oneway analysis of variance on ranks was performed. The result shows that the difference in the
median values among the three moraines are statisticall significantly ditisresell(H = 15.121,

2 d.f., P = <0.001)But a multple conparisonpr ocedur e (Dunnds met hod)
thoughLate Pleistocene moraine is statistically different toLthe Holocene moraine, between

the Late Pleistocene and thgarly Holocene plus between thgarly Holocene and théate
Holoceneno staistically significant difference occurs.
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5.3Weathering Rinds

Quantification of the weathering rind has only been made around blocks batéheleistocene

and Early Holocene moraines, since thate Holocene moraine is too young for producing an
apparat weathering rind. Weathering rind thickness measurements per block are illustrated in
Fig. 28. The weathering rind of block MAKA 1.A varies betwe@d i 0.8 mm with a mean of
0.305 mm and the median @2 mm (n = 20). Block MAKA_2.A has the same range of depth
measurements but a meand thickness 00.212 mm and a median @1l mm (n = 50) Block
MAKA_2.B on the same moraine has a larger rang@.bfl..0 mm, a mean 00.294 mm and a
median of0.2 mm(n = 50) Moredetailed information about the weathering rind measurements is
providel in the appendiXTablel?2).

A ShapireWilk normality test and the histogram analysis of each site indicates that tharelata
not normally digributed. MAKA 1.A has a jvalue uf 0.002364 (<0.05) in the Shapiiilk test

(W = 0.82123). MAKA 2.A features a-yalue of 5.309*16° (<0.05 (W = 0.62862) and
MAKA_2.B has a pvalue 0f3.407*107 (<0.05)(W = 0.78171). Therefore KruskatWallis one

way analysis of variance on ranigas undertake and resulted in the perception that there is no
statisticaly significant difference in the me&th valuesfl = 3.479, 2 d.f.P = 0.176) Thus,there

is a possibility that the existing difference is due taloan sampling variability.

10.0 1

~
n

Thickness [rmm]

0.0

MAKA_1.A MAKA_2 A MAKA_2 B
Site

Fig. 28 Weathering rind thickness [mm] per dated block

Since MAKA 2.A and MAKA_2.B are located on the same moraine, they are merged (8 ka mo-
raine) and illustrated together with the 12 ka moraireg€ Péistocene moraine) iig. 29. The
gatherecdEarly Holocene moraine has a mean of 0.253 mm and a median of 0.1 mm (n = 100).
These results show that the weathering rind thickness slightly increases with increasing age
(positive corréation). The linear trendline of the means r@gea low coefficient of determination

(R?) of 0.0117 and has the following appearance y = 0.055x + 2.5933. When comparing the
weathering rinds of the two moraindsafe Pleistocene artearly Holocene moraineg ttest can

be applied. Due to the not norryatlistributed dataset, we used a Mamhitney rank sum test.

The median values between the two moraines are not statistically significantly different (P = 0.273),
which indicates random sampling variabilitgjowever, when looking at the data (boxplot) the
median of theLate Pleistocene moraine is slightly increased compared t&atyg Holocene
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moraine which, although not significantly, suggests an increased weathering rind formation with
increased exposureaidation to the atmosphere and thus to weatbesonditions.

10,04

Thickness [mm]
(=}

0.04

12ka Ska
Site

Fig. 29: Weathering rind thickness [mm] per moraine

5.4 Reconstructions of Glacial Extentand Former ELAS

In this section theesults from theyELA calculationsbasedon the formelELA of the LIA with

the RGland extent reconstructions are preseriiedails about théncorporated glacierssed for

these reconstructions arepided inFig. 23 and section 4. ZyELA calculationsconducted on &

base of todayodos equilibrium |Iine altitude wi
GAMDAM?2 glacier inventory (GGIlwill not further be presentelderebut are included in the
appendix.

5.41 Reconstructions with theRGI| Based onthe ELA of the LIA

In contrast to todaylaciers werenore or less ta steadystate during the Little Ice AgTherefore,

ELA depressions and glacier reconstructiansreferred to the LIA using thRGI. Reconstruc-
tions with the THAR methd based on the GGI are assdro be less accurate in this region,
because the accumulation areas are overrepresented. Therefore, reconstructions with the GGI are
in the appendix and not further provided in this sectidable 4 illustrates theELAs from the
different glaciers from the Khumbu Vallgwhich then have been used to calculateqtBeA per
glacial advance. Information about the current glacier charaatsristi each glacier is described

in Table4. Out of these five incorporated glaciers, only Khumbu Glacier is comparaltte
Barun Glacie in its size. e others are a lot smaller, which makes a comparison complicated.
During the LIA the ELA in the Khumbu Valley was between 49848 m.The ELA dropped
down to 4662 6013 mduring the LGM This results in a meaELA of -289 m during th& GM
(THAR 0.5) During theEarly Holocene (8 ka) the mearELA in the Khumbu Valley was132

m and during théate Holocene (3 kal9 m, always calculated with a THAR value of MBAR
values of 0.6 and 0.7 are providedliable4, too.
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Table4: Cal cul ated ELAs and @ELAs fr omRGIhe
Current LIA A ELA [m] 3ka A ELA [m]
Ama Dablam Glacier
Inventory RGI
Date 36829
Area [km2] 5
Headwall [m] 5873 5873
Toe [m] 4774 4514
Slope [°] 19
Aspect [°] 338
Lmax [km] 4
ELA [m]
THAR 0.5 5323 5193 -130
THAR 0.6 5433 5329 -104
THAR 0.7 5543 5465 -78
Nuptse Glacier
Date 37261
Area [km2] 4
Headwall [m] 5786 5786
Toe [m] 4966 4929
Slope [°] 12
Aspect [°] 199
Lmax [km] 6
ELA [m]
THAR 0.5 5376 5358 -19
THAR 0.6 5458 5443 -15
THAR 0.7 5540 5529 -11
Hillary Glacier
Date 37261
Area [km2] 3
Headwall [m] 7217 7217
Toe [m] 4929 4890
Slope [°] 22
Aspect [?] 196
Lmax [km] 4
ELA [m]
THAR 0.5 6073 6053 -20
THAR 0.6 6302 6286 -16
THAR 0.7 6530 6518 -12
Kyubo Glacier
Date 37181
Area [km2] 1
Headwall [m] 5096 5096 5096
Toe [m] 4718 4631 4229
Slope [°] 14
Aspect [°] 307
Lmax [km] 2
ELA [m]
THAR 0.5 4907 4863 -44 4662 -245
THAR 0.6 4945 4910 -35 4749 -196
THAR 0.7 4982 4956 -26 4836 -147
Khumbu Glacier
Date 37261
Area [km2] 32
Headwall [m] 7832 7832 7832
Toe [m] 4864 4419 4195
Slope [°] 18
Aspect [?] 262
Lmax [km] 15
ELA [m]
THAR 0.5 6348 6125 -222 6013 -334
THAR 0.6 6644 6467 -178 6377 -267
THAR 0.7 6941 6808 -133 6741 -201
Overall mean ELA  THAR 0.5 -19 -132 -289
depression THAR 0.6 -15 -106 232
THAR 0.7 -11 -79 -174
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Inversed THAR Method Applied on Barun Glacier

The generated araleragedELA from the neighbouring Khumbyalley havethen been applied

on the ELA of BarunGlacierfrom the LIA for thethreedifferent glacial stagewith the inversed
THAR method(Fig. 30). The headwall altitude is assumed to having been stable at the same alti-
tude (7056 mpver the observed period of tim@ighest point method)herefore, with the in-
versed THAR method the gliec terminus for each glacial stage can be determined and is provided
in Table5. Additionally, theqELA between the LIA and today (year 2000) of Baruadsdr has

been calculated and amour®¥ m (THAR 0.5). e glacier toe was situated at an altitude of

# Modelled ELA
J/f

— THAR 0.5
~——— THAR 0.6

5 Km

0 125 25
<’ 4

" / ‘/~ e lv 7Pt '(‘4

./‘i i

randelled ELAsvith

Fig. 30: Reconstructed glacial extents of Barun Glacier (with the RGd))

the highest point as headwall definition.
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Table5: Calculated ELAs and former glacier terminus of Barun Glacier.

Current LIA A ELA [m] 3ka A ELA [m] 8ka A ELA [m] LGM A ELA [m]
Barun Glacier
Inventory RGI
Date 30.10.2000
Area [km?2] 30.0 32.2
Headwall [m] 7056 7056 7056 7056 7056
Method Highest po'mt_of
the accumulation
area
Toe [m] 4875 4801 4763 4537 4222
Slope © 13.9
Aspect [°] 122
Lmax [km] 13.8
ELA [m]
THAR 0.5 5965 5929 -37 5909 -19 5797 -132 5639 -289
THAR 0.6 6184 6154 29 6139 -15 6049 -106 5923 -232
THAR 0.7 6402 6380 -22 6368 -11 6300 -79 6206 -174

4222m duringthe LGM (Fig. 30D), whereas during the LIA the glacier terminus was at 4801 m.
Inversed THAR Method Applied on Barun Glacier with an alternative headwall definition

Instead of the highest elevation of the whole accumulation area, a mearhehthvealls of the

seven accumulation basings taken for theverallheadwall altitude. Tisi alternative waander-
takenbecause a single high peak can highly influence and distort the THAR method. The seven
accumulation basins have altitudes of 590, 70% m, 636 m, 622 m, 60/0 m, 6422 m,

6543 m, which results in a mean of 6506 rhisTheadwall altitude combined with the same termi-
nus altitudes from the RGI referred to the LIA and the sgileAs rendes alternative ELAs for

the four glacial stages and the LIA as showiiable 6andillustrated inFig. 32 Using the alter-

native headwalllefinition,the ELAs aregenerally275m lower than with the highest point method.
During the LGM the ELAof Barun Glacier was at 5364 m and during the LIA at 5654 m (THAR
0.5). Due to the lower headwall altitude of this naththeqELA difference between the LIA and
todayodos ELA is increased. The ELA depression

Table6: Calculated ELAs and former glacier terminus of Barun Glacier with the altenaead-
wall definition

Barun Glacier
Inventory RGI
Date 30.10.2000
Area [km2] 30.0 322
Headwall [m] 6506 6506 6506 6506 6506
Method Mean.of 7
basins
Toe [m] 4875 4801 4763 4537 4222
Slope [°] 13.9
Aspect [?] 122 122
Lmax [km] 13.8
ELA [m]
THAR 0.5 5965 5654 -312 5634 -19 5522 -132 5364 -289
THAR 0.6 6184 5824 -359 5809 -15 5719 -106 5593 -232
THAR 0.7 6402 5995 -407 5983 -11 5915 -79 5821 -174
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-312 mbetweerthe LIA and today.

A third headwall definition method has been applied, where the ELA hasbtmated separately

for each othefour basinswith the inversed THAR methea/hich results in separate Elakitudes

for each basin, too. The results, however, were not useful, due to the strong variation in the altitudes
of the accumulation basinstieen the basins. Therefore, they are not further illustrated here, but
provided in the appendix &ble9). Additionally, agELA -360 m scenari¢Liu et al, 2017)has

been applied, to identify how far the Bar@tacier would advance. In such a case, the gtdtad

its ELA at 529 m (THAR 0.5) and its terminus at an altitude of 4081Fny.(31), which is 141 m

lower than the modelled LGM extent of Bar@tacier with data from the Khumbu Vallgyithin

this scenario the &unGlacier would have a size of 47.5 kand a glacier length of 29.5 km.

5
7

' Modelled ELA
/4

THAR 0.5

0 125 25 5 Km

g

Fig.31:  oE 380 nostenario
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f%«; Modelled ELA

— THAR 0.5
THAR 0.6

0 125 25 5 Km

Fig. 32 Reconstructed glacial extents of Barun Gladeith the RGI) and modelled ELAgth
the mean of the seven basins as an alternative headwall definition
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5.42 Zonal Statistics of Glacier Reconguctions

Detailed topographic information has been calculated for the various glacier extents using the con-
cept of Dnal statisticsCalculations are only performed the reconstructed stages of Bafsiac-

ier referred to the ELA of the LIAT@ble 3. According to these reconstructions the glacier area
variedbetween 32.2 47.1 km?. The mean elevations frometlzonal statisticsre between the
ELA with a THAR of 0.5 and a THAR of 0.6. The standard deviatl@nbetween 400 562 m.

The median elevatiorare roughly on the same altitude as the ELAs calculated with a THAR of
0.6 and with the alternative headwadfinition (mean of seven basins). However, compared to the
ELAs calculated with the normal THAR method (highest elevation of the whole accumulati
area), they are roughly 100 m lower than with the THAR 0.5 meffaalglacier lengthisesfrom
aninitial 19.4km during the LIA up to 28.7 km during the LGM.theg860 m scenario the Barun
Glacier would have a length of 29.5 km.

Table7: Topographic informatiorof the reconstructed Barun Glacier referred to the ELA of the
LIA with the RGI

Area [km2] Min [m] Max [m] Range [m] Mean [m] Median [m] Glam[;:;ll]engﬂl
LIA 322 4801 7056 2255 5733 5829 19.4
~ 3ka 35.0 4756 7053 2297 5668 5766 21.3
~ 8ka 41.1 4493 7056 2563 5540 5629 26.3
LGM 47.1 4217 7052 2835 5468 5524 28.7

Additionally, in order to crosexamine and verifthe estimated ELAs, the accumulation area ratios
(AAR) have been calculated for both methods (mean of seven accumulation basins and the highest
point method) referred to the LIA with tiRGI (Table8). The AARs for the normal THARnmethod
(highest point) are very low for the THAR\ue 0f0.6 and reasonably low for the THARIue of
0.5, varying betweef.44 and 0.09The AARs of the glacier reconstruction for the alternative
headwall definition method (mean of the seven basinsg¢véetweed.44 and 0.49 for a THAR
value of 0.6 and between 0.86d 0.68 for a THAR value of Q.8/hen considering the balanced
budget AARs in high mountain areas, which is generally in the ranged@B5and around 0.58 in
the global mearfDyurgerovet al, 2009)the THAR value of 0.5 with the alternative headwall
definition (mean)gives the best result8hegB860 m scenario of BaruBlacier has an accumulation
area ratio 00.69

Table 8. Accumulaton area ratios(AAR) of several different glacier reconstructiofee Barun
Glacier conducted with different methofeean and highest point)

Mean Highest point
THAR 0.5 0.6 0.5 0.6
LIA 0.64 048 0.38 0.09
~ 3ka 0.60 0.49 0.39 0.11
~ 8ka 055 044 0.40 0.14
LGM 0.68 047 0.44 0.26
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6. DISCUSSION

Prior to the discussiosome majoassumption$or this study need to be clarified) The headwll
altitude is assumed toe constanbver time.(2) When aplying the ELA depressions from the
neighbarring KhumbuValley, it is assumed that climatic conditioaad trendsgrecipitation and
temperaturgarevery similarin the neighbouringarunValley, although they may be differeiatr
several reasons (egxposition surrounding topographyypsometry)However, the BaruN alley

is likely somewhatryer than the KhumbW alley due toincreased rain shadow effec(8) The
BarunGlacier converged witlthe Lower BarurGlacierduring its maximum posglacial extents
which has an influence oseveralinput parametersuch asaccumulation, ablation and ELA.
Smalleryet disconnected glacieeroundthe Barun Glacier converged antbrmed tributaries
which changed input parameteHowever, the confluence of other glaciers was not considered
here,butshould be taken into account in subsequent glacier reconstru¢tipitss also assumed
that Barun Glacier wasequally debris coved in the past a®day anl thus the THAR was not
adaptd forthe glacial reconstructionslowever the amount oflebris coveon the glacier surface
changes overirhe and increaseshen a glacier is in retregbcherleret al, 2018) Given that
distinct lateral moraines have been deposited, it can be assumed that the surface GfaBaun
was also (partly) dels covered after the LGMAdditionally, due to higland possibly always iee
free rock walls in the accumulation region of Barun Glacier, debris supply and thus debris cover
on the tongue is likely for previous glacial stages, which facilitated morainesiiepo(5) As
debris covertheaccumulation througavalanches, cloud coveraad the strength of thmonsoon

all influence themassbalance of BaruiGlacier (but are unknown for the past), the here applied
assumption of a constant climate sensitiviigtm not be justifiedThe presented geometric recon-
structions have thus to be seen as a first rough guess(@nl °Be surface exposure dating
ages are estimated with a snow correction factor as a lot of snow in thisiseggsumedwhich
influences the cosmogenic ray input into the rock surface.

6.1 Late Holocene

DuringtheLate Holocene the BaruBacierdepositedseveral lateral moraines nextttee Makalu
Base Camp of which one was dated within this thesis. The two blocks that were dated on this
moraine, however, revealed statistically diffédrages. One block is 3:0.24 ka and the other
block is 5.6+ 0.35ka. Forthe followingreasons we deciddo assign the 3.1 ka block as determi-
nant and the relevant age for this moraine. Firstly,3ieka blockappeaed ideal for surface
exposure déng using'°Be, becausd is large, flatat bottom(which makes toppling very unlike}y
and no obvious sigrof ercsion exists. Additionally, the dip angdéthe area where the rock sample
has been extractesl low (10°) The block itself is placed oop of the moraine ridge, which indi-
cates that is was deposited by the glacier and nopbgtariorock fall. It is alsounlikely that this
block has been buried before aextavatedaterto the surfaceMoreover, across comparison
across the Himalayaorogen reveals more or less synchronous glacial advdncies this time
Surface exposure dating in the KhumWalley yielded a similar age of3.5 + 0.3 ka (Thuklha
stage), whereas 5 ka blocks have not been fauitiin the studyof Finkel et al. (2003) Glacial
history on the northerrape of Mount Everest of the RongbMalley shows a slightly younger
glacial advance than on the southern slope, witk24£ ka (TCN dating) and 280.1 ka (OSL
dating) (Owenet al, 2009) Liu et al. (2017)detecteda glacialadvanceusing cosmogenit’Be
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surface exposure dating around the Kafdas in the eastern Lhagoi Kangri range (Tibet) dated
to anage of 25 + 0.2 ka (Neoglacial)An extensive glaciation was also found in the Langtang
Valleyin Nepalfrom 3.65i 3.0 ka (Langtang Stage) in trege Quaternar¢Shiraiwaet al, 1991)

As dated 5 ka blocks have not been found in eith#rasfe siteand due to the physical character-
istics mentioned abovese suppose that the 5.6 ka block bagdergonegre-exposition and ishus
ignoredin this study.

Schmidthammer measurements reezbhigh R-values(mean 40.13, which additionally ind
cates that tis moraine is likely to be younger threother sampled moraines. No weathering rind
could be detected due to the young,dge exposition to weathering conditiongs relatively
short Both relative dating techniques endoraege of 3ka for thisLate Holocene moraine.

Between thd_ate Holocene moraine and the LIA moraine are at least five younger mqiseees
Fig. 25) which have noyetbeen daté, butseenvery interestingA high moraine deposition rate
during thisshorttime-periodsuggests @ery sensitive reaction of the glacierctmangsin climate.
Sincethe accumulation of Baruflacier occurs merely in summer, the glacier reacts very sensi-
tively to temperature chandgasboth ablation and snow amounts are influencd)hertemper-
atures duringinsolationmaximaincrease the moisture availability and thus increase precipitation
amounts that will falls snow at high altitudewhich resuls in mass gains and possildjecial
advancegBenn and Owen, 1998; Finked al, 2003; Huet al, 2017) Lowertemperaturs on the
other handresult in less ablation at the tongaied,at the same time less precipitation in higher
altitudes.

TheELA shift of -19m (THAR 0.5 referred to theittle Ice Ageand with the RGlis smallcom-
pared toLiu et al. (2017) whofound an ELA depression of 198 during the Neoglacial (2.5
+0.2 ka)However, Livetal.( 201 7) r ef e wvaluetdo tthoediary 6gsE LeA&x t e n't
the year2010.Adding the-37 m (THAR 0.5) difference beteen the LIA and todapf Barun
Glacier, p E L i8-56 m during the_ate Holocene compared to today (2000). Heeveconsidering
the fact that the RGI most likely overestimates geaektent, as it includedead ice parts of the
heavily debris covered tonguits glacier terminus and thus also the ELA wantiease iraltitude
and thus increase the difference betw the ELA of today and the 3 katent Furthermore, the
tributaries ofthe BarunGlacier andthe potential merging witthe Lower BarunGlacier (see Hj.
22) would furtheoffset the glacier terminugorthese reasorslarger E L thanthe here calcu-
lated-56 m can be assumddr BarunGlacierwhencompared to todd@y extent.

6.2 Early Holocene

During theEarly Holocene glacial advances earmarked the Himalayan o(Bgdl et al, 2003;
Owenet al, 2009; Scherleet al, 2010; Liuet al, 2017) These extensive glaciations mostly began
during theYounger DryasYD) periodand continued until thBarly HolocengSatiet al, 2014)

In the Baun Valley two blocks were dated @m Early Holocene morainéne block revealed an
age of7.763 £ 0.547 ka and the other one 8.359 £ 0.51 ka. Block MAKA_2.A which yielded a
lower age of 7.763 + 0.547 ka has slight traces of enhanced ertisioght be thatevena part
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broke off, whichgave rise tat is youngercompared tdhe other block. However, it is still in the
range of error and thus accdpe. The older block seems to be decent for surface exposure, dating
as no sign of erosimor topplingis evident. Additionally, it is depositedon top of the moraine
ridge, where only aylaciercan have deposited ithe averagageof the two blocks with each two
dating ages reveals age of 8.06 ka for théarly Holocene moraine. This age fitsarthe picture

when compared to other studies tiit this region.Scherleret al. (2010) conducted!’Be
measurements in western Garhwal (India) and founddiaeial episodes of which one was at

~ 8- 9 ka. Surface exposure datiagpund the Karola Pass in central Himalaya revealedcabla
advanceevent between 8.2 + 0i49.7 £ 0.4 kaas well(Liu et al, 2017) Finkel et al.(2003) dated

their Early Holocene moraine slightly older tm age of 9.2 + 0.2 ka (Chhukunghhe Early
Holocene glacial advanig mostly attibuted to a decrease in summer temperatlmedo changes

in solar insolatiomndanincrease in monsoon precipitatiRupperet al, 2009) Satiet al. (2014)
speculate that the ieadbed feedbackColin et al, 1998)additionally reduced radiative heating
(Adamset al, 1999)and thus lowered tempture Slightly youngermoraines were found by
Owenet al.(2009)in theRongbukValley north of Mount EveresDSL and TCN dating revealed

an age of 6.8 7.7 ka (Samdupo I). However, in contrast to the southern slope of Mount Everest,
where glacial advances during tBarly Holocene were distinct, no moraine was deposited in the
RongbukValley during this time. Tis is presumably due tacreased monsoon precipitation in

the Khumbu Himal, which resulted in positive glacier mass balances, whereas the Réaligyk
remaired sheltered from the monsoon moisture and thus, did not allow glaciers toAgr@avding

to Owenet al. (2009) glacies in the northern slopes of Mount Everest are moreitbesngo
climatic changeespecially to a change in precipitation linked to the monstymamics These
findings support the view of Zedatt al. (2009) and Satet al. (2014), who claim that glaciers in
more orographically shielded regions tend to be more sensitive to variations in precipitation, while
glaciers with high precipitation inputs tend to be more sensitive to variations in temperature.
However, @artfromtheEary Holocene, glacial advances around the Everest massegbroadly
synchronougOwen et al, 2009) Sincethe daéd moraines in the Baruvalley are roughly
synchrounous with the glacial behavior of the southern slope of Mount Everest, it suggests that this
region is influenced by the monsoon as well, in contrast to the northernthlae sheltered from

high precipitation inputsand thus behaved asynchronously.

Between thekarly and theLate Holocene moraineesidesanother moraine which is prodgb
linked to theMid Holocene glaciatiorthatoccurred between 7.5 ka and 4.5&atiet al, 2014)
During this period glacier advances were accounted for low temperaturestharsdreduced
ablation due to incres&d clodliness and evaporative cooljnglthough precipitation was low
(Rupperet al, 2009) A Mid Holocenesurge however, has not been foupdrvasivey across the
Himalayan orogen, e.@n the neighbouring KhumbWalley (Finkel et al, 2003)nor around the
Karola PasgLiu et al, 2017) The Samdupo | moraines in the Rongbtlley (6.87 7.7 ka)
(Owenet al, 2009) howeveras well as the ~ 5 ka glacial episode in Garhwal, I{Bicderleret
al., 2010)can be mced in te Mid Holocene glaciation

Schmidthammer measurements reveal higfvalues with a mean @&7.6 and a median of 39
which indicates that this moraine is highlkdly to be youngethan thelate Pleistocene moraine
but older than theate Holoceae moraineHowever, this difference in the mean is not statistically
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significant.The median thickness of the weathering rind betwe&aty Holocene antlate Pleis-
tocenemoraines are not statistically significantly differemher,however a small tred towards
an increased weathering rind with increased exposure duration is vi$ibleate Pleistocene and
Early Holocene moraindepositionamight be temporally to close to build statistically different
weatheringind depths.

The ELA depression vakof -132 m (THAR 0.5 referred to the Little Ice Age and with the RGI)

is lower tharreported irLiu et al.(2017) who calculated an ELA depression®85 m during the

Early Holocene 8.2 £ 0.41 9.7 £ 0.4 ka). However, as well as during ttege Holocene, hey
referedtheirpEL A t o todayods ext e mBTmdiffRrOntelbtweerMieelA addi
and today (2000) of Baru@lacier, weobtaina ¢ E L-269 ro for the Early HoloceneDue to a

|l i kely overesti mat i o theBarordGladeoirtt ahyed sR (gl |, a ctihael qeExLtA
would even be larger, but still lower than the ELA depression oét.al (2017).Scherleret al.
(2010)found contradictory ER depiessions in two close valleys in northern Indibe Jaundhar

Gl aci er h a-83% a2 nouénpéreddoftoday (2010), whereas Bandarp@laztier in the
neighbouing valley has apE L A -3D7& 21 m during thé&carly HolocengScherleret al, 2010)

When considering the uncertainties due to the ignorandbeotributaries and Lower Barun

Glacier, the overestimation due to the debris covered tongue and thus the vaguely defined glacier
terminus of the RGkhe ELA deression in the Barun Valley duritige Early Holocenas located
somewhere in the average between the Jaundhar Glacier and the Bandarpunch Glacier.

6.3 Late Pleistocene

The Late Pleistocene moraine adjoins Ealy Holocene moraine ard the outermost and thus
oldest moraine of this sequence of lateral moraines néletdakalu Base Camsurface expo-
sure datingf this moraine revealed an agel®.257+ 0.751 kaNo sign of erosion was found at
the location where the samples were talSai et al. (2014) found the same age of 12.2.0 ka

in the DunagirValley in central Himalaya in Indign Garhwal, India, as well a ~ 112 ka glacial
episode was found by Scherkt al. (2010) through surface exposure dating. However, such a
moraire does not exist or was not found in the neighbouring Khivahiey (Finkel et al, 2003)
Due to the large size of thisate Pleistocene maree in the BaruriValley, it is quite unlikely that
such aglacier advangeis not presenin the southern region of Mount Everedtis also unlikely
that Finkelet al (2003) have overlooked and not dated this mordgween the variability of the
dating fa the other twanoraines, it might also be possilitat the age of thmoraine in the Barun
Valley is indeedsomewhat youngeor older A younger ag would then be closer to the
Chhungkung moraine in the Khumbu \&llthat has been redated to 18.0.4 ka (Owenet al,
2009) whereas an older age could fit to the LGM (e.g if thedlabck has been buried within the
moraine for some timeYhere isalsoa possibility that thé.atePleistocene in the Khumbualley
has beerroded due to a high frequency of landsides andaldtarards during monsoon season
(Sati et al, 2014) However, since other studies have fowsnahilar ages across the Himalayan
orogenwe assume that the surface exposuesax the outermost moraine in the Bax(adley is
realistic Additionally, this period isin the Younger Dryas (YD), which waa global cold phase
that leftdistina morainesacross th&uropearAlps, eastern Himalaya amaanyother parts of the
world (lvy-Ochset al, 1996, 1999, 2006, 2008; Hi al., 2017)
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The Late Pleistocenmoraine has statistically significant lower Schrtitimmer values than the
Late Holocene wraine, however to thearly Holocene moraine no statistically differenctoisnd
because their ages are too close together. These results demonstrate a negddtiercbetween
rock hardness and the duration of exposition. Ravalues and thus a \&ker or softer rock surface
is achieved with a longer exposition to the atmosphere.

ELA depressions and thus glacial extents forlthe Pleistocene have not been calculated in the
BarunValley, since this glacial event was not recorded by Fiekell. (2003) in the Khumbu
Valley. As thé& studyprovide the input datfor this methodthe inversed THAR method could not
be applied on Baru@lacier. However, thexELA during the late Pleistoceneould likely be lo-
cated somewhereetweenthe LGM (289 m) andthe Early Holocene {132 m). Scherleret al.
(2010) who analyzetivo glaciers in Garhwal, India, estimatad averaged ELA depression of
-301+ 44 m durirg ~ 117 12 ka (Jaundhar Glacierl90 £ 27 m; Bandarpunch Glacie419

+ 10 m).This ELA depression is slightly higher than what we would g¢hé Baruri/alley.

6.4 Last Glacial Maximum

Since the outermost (and thus oldest) moraind&as dated and attributed to ttede Pleistocene,

the question arises: Where is the LGM moraindaw large hasarunGlacier been during the
LGM? Severalpossibilities exist(1) The extent during the LGM was smaller than later extents,
which means thiaits moraines were thrusted or pushed over aedhus now invisible on the
surface This case isatherunlikely, sin@ the LGM moraine represents the maximum extents in
many parts of the world and in the Himalayan orogen youngents ttan the LGM hae rever
exceeded the LGM exte(finkel et al, 2003; Oweret al,, 2009; Huet al, 2017; Liuetal., 2017)

(2) The glacier had the same extent during the LGM as duringateePleistocene and thus the
lateral moraines are mixed up and thrusted. This aadd be proofed with further surface expo-
sure dating measurements, whinight revealsome bbckswith Late Peistocene ages and other
blockswith LGM ages(3) Slightly above the outermost moraine lies another range of hills, which
has a moraietlike appearance. Thisll could be the LGM morainéseeFig. 34). However, only

few meters of this maine arepreservediue to erosion and the steep terrain. Surface exposure
dating measurements OSL measurements this moraine would clarify the situatio®ince the
LGM moraine does very prominently exists in the neighbouring Khuvtdiley, it isquite prob-
ablethat it is or was available in the BarMalley, too. Therefore, it is supposed that e48¢ or

(3) aremorelikely.

Nevertheless, glacial reconstructions and ELA depressions were calculated in thé&/Blsayn
with the inversed THAR nthodusingdatafrom the Khumbw alley. During the LGM the Barun
Glacierwould have hadn ELA depression 6289 m (THAR 0.5 with the RGI and referred to the
LIA). As well as during other ice ages, this ELA depression is lower compared to other studies
conduckd in the Himalayan orogdhiu et al, 2017; Liuet al, 2017) While on Karola Pass the
PE L A -868 s during the LGMLIu et al, 2017), in the eastern Himalaya the ELA depression
evenwent down to-690 m(Hu et al, 2017) Due to the above disssed uncertaintieend under-
estimationsthe ELA depression of Baru@lacierduring the LGMmight be slightly largerThis
means thathe ELA might have been slightly lowerthamo d el | e d . -380nmgsEebhakio o f
from Liu et al.(2017) has been additially modelled and applied @he BarunValley, yieldinga
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dlightly larger glacial extentlowever, as the convergence zone of B&slatier and Lower Barun
Glacier isnot well constrainedhighly erosive ad now covered with sediments, it is difficult or
impossible to identifya former terminal morain@nd thus to correlate a moraine to that glacial
stage. Therefore, defining the glacier terminushef LGM remains speculativand can only be
estimatedby modelling The LGM in the Khumbw/alley was very pronounced and occurred 23
* 3 kaago(Finkelet al, 2003) Glaciers reached their maximum extent a little eanieheRong-
buk Valleybutareto a greater diesser extent in synat 247 27 ka (Jilong morairjeand correlate
well with the Periche | glacial stage in the Khumialley and with the global LGMFinkelet al,
2003; Oweret al, 2009) Surface exposure dating measurements on the TiP&tau have re-
vealed similar glacial events at 23.8 + 4.0 ka in the Nyaingentanglha moytaiget al, 2014)

or 21.8 + 1.3 ka east of Mount Jaggang in the Xainza réibgeg et al, 2018) However, both
sites on the TRxhibit older moraines which indicates thycier exents on the TP durintipe
LGM were smalleriian during later stag€&illespie and Molnar, 1995; Dorej al, 2014, 208).
Yet, whether glacial advances in the Himalayan orogen wetesise with the northern hemisphere
ice sheet maximum extent during the LGM is discussed in the next chapter.

6.5Prei Last Glacial Maximum

Whether glaciation in the Himalayan and Tibetaogen was synchronous with the northern hem-
isphere ice sheets $ibbeen in debate since the first absolute datingsorementsave revealed
older moraine ages than the LGRillespie and Molnar, 1995; Finket al, 2003; Oweret al,

2009; Donget al, 2014, 2018)Glacies around the Xainza range in central Tibet reached their
local maximum extentluring MIS 4 (~ 61.9+ 3.8 ka) and produced subsequent glacial advances
during MIS 3 (~ 43.2t 2.6 ka and ~ 35.% 2.1 ka) and during the transition MIS 3/2 another
glacial readvancd standstilloccurred(~ 29.8+ 1.8 ka)(Donget al, 2018) Other'’Be exposure

ages from the Nyaingentanglha mountains confirm asynchronous glelcéalitur on the TRwith
maximum extentsluring MIS 3 (18.0 £ 1.6 to 39.9 = 3.7 kdonget al, 2014) The ncreasing
number ofglacial chronébgies suggest that the timingaximum extenacross the TP is asynchro-
nousprobably due to different local influences of the #atitude westerlies and south Asian sum-
mer monsooifDonget al, 2018) Glaciers in the valleys south of Mount Everest were most exten-
sive during MIS 3 and earlieaind limited during the LGMie. MIS 2) as cosmogenic radionuclide
surface exposure dating of moraine successions have re{ealieel et al, 2003) They were thus

not synchronous withuild up phasef the northern hemisphere ice she¢inkel et al, 2003)

Finkel et al. (2003)found two glacial advances older than the LGM, Thyangbdog¢biler than

30 ka) andrhyangboche Il (MIS 3, 35 £ 3 ka), with a single measurement up to 91.75 £ 1.66 ka.
Enhanced moisture delivery due to an active south Asian summer monsoon and thus more precip-
itation as snow in high altitudes is reasoned by Fiekall. (2003) to be respwible for positive
mass balances and the existence of glacial advances in the Himalayas albeit an increased insolation
and higher temperatureSimilar dating ages have been discovered in the Rongbl&y in the
northern regiorof Mount Everesby Owenet al. (2009) Theyhave dated the Tingri moraine to

> 330 ka and the Dzakamoraine to > 41 ka, which indicates that moraine preservation is well in
the sheltered northern slopes of. Bverest and glacial advances were dipaynchronous across

the entire Everest massifThese findings support the view Gillespie and Molnar (1995who
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claim that glaciation throughout the Himalayas wassgochronous with the northern hemisphere
ice sheets.

However,no such old ages have been foimthe BarurValleydespitdts proximity to the Everest
massif This could haveseveralreasons(1) PreLGM moraines once existed the Barunvalley
and former glaciations had larger extents than the LNMdue tahesteep terrairhigh erosivity
during monsoon season apalssbly frequent landslidegormer glacial remnants were excavated.
(2) PreLGM moraines exist, but they have not been discovered and dat€8)y&laciation prior

to the LGM did not exceed ¢hLGM extent in the BaruWalley. An explanation why glacial ad-
vances are so differesbmpared to the neighbiong valleycould be found in the local climat
and topographic characteristics and/or being located itrahsition zone between the monsoon
dominated region and the influence of the westerlies. Khu@mier, NuptseGlacier and Hillary
Glacier have a souttsouthwest exposition andhigh topography in their noréinn partswhereas
Kyubo Glacier, Ama Dablan®lacier and Rongbu&lacier are egosed to the nortlBarunGlacier

on the other hand has @gposition towards the sou#tast and is surrounded by high peaks towards
the west and south, which might have a sheltering effect on the glacier during mdrtgsaif-
ference in expositiomay explain why during increased moisture availability throughdis 3
Barun glacier did not advance as much as other glaciers in the (&gigastha and Harrison,
2008) Additionally, absoluteELAs are lower than in the Baruvialley, i.e. their sensitivity for
climate changes is highgd) Glaciation prior tohhe LGM did not exceed the LGM extent in the
BarunValley, nor did it in the neighbouring valley. Surface exposure ages from Fatledl(2003)
and other studie@wenet al, 2009)conducted in the Himalayan orogtrat exceed the LGM
could bewrong, due to prexposition or due to a misinterpretation of the landscape, e.gtghe p
sumedmoraineor glacial remnantgvasin facta landslide or rockfall eveninceno other mo-
raines egep the presumed LGM moraine have been spotted in the Réalley i neither on site,
nor on satellite images or with tihdl shade version of thBEM - it is assumed that assumption
(2) can be exclueld. That the local climate has such a high sreadlle variability is possible, but
rather unlikely. On the other harak we have seen on the moraine deposition rate of Bdaaier
during the late Holocenavhile in the Khumbuw alley the glaciers werenért, local climate and
accumulation was different at times. Therefore, assumfjda possible. But what is more likely
is thatconditions wererery similarin both valleysThis leads us tthe assumptio thateitherthe
pre-LGM moraines have been ci&d awg in the BaruriValley (1) or thatincorrect surface expo-
sure dating has beeonductedn the moraines in the neighbouriktpumbuValley (4).

6.6 Glacier Reconstructions

Reconstructions of the Barudlacier have been dongsingtwo different invetories, based on
glacier extents fronbtoday and the LIA, with different headwall altitude definitions and different
THAR values.

Disparities between the RGI and the GGI are mdmtated at the tongue and in the headwall
definition. Defining the terminsiof BarunGlacieris difficult due to its heavy debris covand

results in a 140 m differenc# the terminus positiobh et ween t he two i nventor
tents.Similarly, the steep headwall of Bar@iacier is at different locationandreaches360 m
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higherin GAMDAMZ2 thanin the RGI.Both discrepancies influence ELA estimations and result
in differences betweep507 300 m depending on the THAR valu8ingle outliers in altitude as
for example a small coulgiwhich isnot representative for thehole accumulation are&ighly
influences the ELA estimations when calculated with the THAR method. There®@nclude
thatthe RGl is the betterchoicewhen applying the THAR method.

Although the THAR method igther simpleand does not consideragler mass balance or hyp-
sometry, it gives a rapid estimatiohthe ELA and is thus suitablefirst approach imegionswith

poa map coverage arinited glacial input parameters for modellifigenn and Lehmkuhl, 2000)

No consensus prevails about which THAR vatueest for debris covered glaci¢8cherleret al,

2010) but such glaers generally have a larger ablatiarea and thus a higher THARO0.5- 0.8

(Clark et al., 1994; Benn and Lehmkuhl, 2000; Scherler et al., 20i@hin this thesis THAR
values of 0.5, 0.6 and 0.7 have begplied to accommodate ftris uncertaintyThe crosscom-
parisonof the reconstructed glacial extents with the AAR metlevealsAARSs between (&5 and

0.68 for the THAR of 0.5 with the mean altitude of the accumulation basins. In generaljagean
glaciers have an AAR of B8 (Dyurgerovet al, 2009)and debris covered glaciers have lower
AARs (Benn and Lehmkuhl, 2000%cherleet al.(2010) disposed an AAR of 0.45, 0.55 and 0.65
which corresponds well with the AARs of the THARS and mean headwall altitude definition.
Therefore, a THAR of 0.5 and the mean headwall altitude definition is considered as the best
method to calculated ELs\in the BarurValley. These findings fit well withthe quality analysis

of ELAs byLoibl & Lehmkuhl (2015)using a TRAM of 0.5Qiao & Yi (2017)adated the 0.5
valueon the THAR, tooThe mearelevdion of the severtontributingbasinsin theaccumulation

area has proven to be more suitable and yields a better AAR than the highest altitude of the whole
glacier. The third headwall definition, wheretBLA was calculated separately in each of the four
major accumulation basins did not work daerttersections of ELAIn the samelacier branch.

TheinversedTHAR method on the other hand has newly been applied within this Hresis a
good first aproach to estimate ELA depressions and former glacial extents whefomoation
aboutformer dacier terminugositions areavailable However,because o& large variability of
ELA depressioawithin short distance, this methodashd only be applied wh data from glaciers
nearbyatbest from neighbouring glacieas in this studyAdditionally,only glaciers with similar
characteristics and exposition should be used.

Due to theassumedteadystate of BarurGlacier during the LA, it makes more senge refer the
ELA depressionso the LIAthan ontotoday s e Kdredver, he timed t o differs th every
publicationor study which makes comparisemore difficult. Additionally, the glacier terminus
is difficult to determindort o d a y 6 slueddtsdeavilwebriscovered tongueand therelated
difficult identification of deaelce odies FurthermoreLIA moraines are very prominenttievel-
opedand clearly detectable aca®the whole Himalayan orogérherefore it is suggested that LIA
extentsshould beused as a referenegnen estimating ELA depressiorir that reason, it is pro-
posed b digitize LIA extentsfor the whole orogen for further reselarand a better comparison
between studies.

55



University of Zurich Masterés Thesi s Laura Blchler

6.7 Methodological Uncertainties

Surface exposure dating, relative dating techniques and ELA reconstructions as gledials
extent reconstructions are facing several uncertaintig@sh strongly influence the result and need

to be discussedilong with uncertainties in the b@ratorythat accumulate with each step during
sample preparation dhe °Be measurements, uedaintiesare alreadyintroducedduring field-

work. The height of th horiza is measurednly every 10° which has ampact onthe calculated
topographic shielding. Howeverlateduncertainies arerelatively small.A correction for snow
cover was madejnceasnow packmight be presernh this region for at leag® maths ofthe year,

thus we presumed 2 m of snow with a density of 0.3 §. @ther studigshowever assumeonly

a thin snow pack because of an abrasion due to strong winds and thuscoosidér a snow
correction factor in their calculatio®wenet al, 2009) However, since the lateral moraines next

to Makalu Base Camp are protected from strong wamdisdue taheir high altitude a snow cover
correction seemsensible but might be slightly too largé&he dated ages without snow correction
are lower (sedable 3 but are placed in the same period #ngs would not largely influence the
result.Over and underdgmation owing to preexposition, erosion cgxhumationcomplicate the
interpretation of surface exposure ages and can result in large(@eonet al, 2009; Owen and
Dortch, 2014)AlthoughMurari et al.(2014)argue thabnly around 10% of all lgcial boulders in

the monsoon influenced climatic regions of the Himalayan orogen exhibit inheritance, and although
Zechet al.(2009)assert to choose the oldest afithe depositioin the absence of more exposure
ages, we interpret one of the dated blocks next to Makalu Base Camp to have siéfexpodgure

and thuschosethe younger block as appropriat®ithin this study an erosion rate of 0.0001 cm
yr'! was assumed. Assuming zero erosion an exposure age of 10 ka would underestimate the true
age by I 4 % whereas an age of 20 ka would be uad@émated by 2 9 % (Finkel et al, 2003)
However,it wasaimed to sample blocks with low evidence of erosion to reduce this uncertainty.
The timeindependent scalingmadel from Lal (1991) and Stone (200@s usedsit was proposed

by Owen and Dortch (2014However, choosing the right production rate and scaling scheme is
under déate andt is not yet proven which onis the most accurate. Additionally, ttlRONUS

Earth 2.2 calculator with the Heym#&2014)calibration data set compilatiomas used due to its
special adaption to thEbetanPlateau and Himalayan regiodowever,extrapolation to high el-
evated sites (> 4000 m) should be taken with ca@en and Dortch, 2014)
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