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Overdeepening is an important glaciological and geomorphologi

process that has the potential to influentiee response of ice masse:

to climatic changes. We have examined several hundred gla

overdeepenings proximal to/ within Labrador, Canada, to investigi

the controls upon overdeepening location and size. Our analyses s/

that overdeepening appears tocorrelate strongly with glacial Christopher

confluence and, importantly, the correlation is strongest whel Thomas

confluencegeometry indicates the speed up of ilew. Further, we

find that the magnitude of icélow speed up correlates with Lond

overdeepening depth only for ofluences situated in or near major
geological faukzones. Our findings therefore support the hypothes
that overdeepening can be initiated by an increase in ice veloc
Further, we conclude that overdeepening is most efficacious whe
fractured bedro& enables efficient quarrying.



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Acknowledgements

With thanks to my supervisors, Prof. Chris Clark and Dr. Darrel Swift, for advice and guidance.
Also, special thanks to my family.

This work wadunded by a University of Sheffield fees bursary. Additional thanks to the British
Society for Geomorphology, and the University of Sheffield (Learned Society Fund), for the

provision of grants to assist conference attendance.



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Table of Contents

N [ 0110 T U1 i o o 1SR PPPPPRRPPPRIR -1-
2 Literature REVIEW .. ...cccoieiiiiiiiiiiiieieee et eee e eee e e e et e e e e aeeeaaaaeeeeeeessesessaesssnnnnnnnnnnneene s D
2.1  Possible controls upon overdeepening location and.size.............ccccceveeeennne -9-
2.2  Processes of overdeepening initiation and development.............ccccveeeeens -10-

2.3  Numerical, theoretical, and empirical research of relevance to the study of
L)Y o [=T=T 0 =T ] oo T PPPPPPR -12-

2.4 The oversimplicity of current numerical models of glacial landscape evolutidi® -

2.5  REVIEW SUMIMALY.....ciiiiiiiiiiiiiiie et e e s e e e e e e ennrees -21-
2.6 Palacoglaciology.........cuuueiiiiiiiiiiiiee e -23-
2.7 Development of a typology of overdeepenings............ccccoeeeevieeiieeiccceccnnnnns = 25-

271 Pure (glacial) controls upon overdeepening location and size.............: ~25-

2.7.2  External (topographical and geological) controls upon overdeepening location
and size - 29-

2.7.3 INtEracCtion @ CONLIOIS........uuiiiiiiiiiiiiiiiiee e -35-
2.7.4  Developing testable hypotheses to examine controls upon overdeepening
[OCALION AN SIZE.....euviiiieiiiiiiiie e e e e srraeee e e e s s snsnnnneeeee s P O T =
2.8  The Study Region: Labrador..........ccooooiiiireeeee e =42-
3 RESEAICh DESIGN....ciiiiiiiiiiiiiiiie ittt iinee e e e nnnenneeeee o7 4D -
T R O o] [T ox 1)Y= PP PP PPPPPPPPPPN :48-
4 ReSearch MethOm...........cooi i a e e e e e e e e e e e e e e e e e e -50-
4.1  Selecting DEMs and datasets for use in investigation................ccccccoeeeeeu -50-
4.1.1 DEMs and datasets used in Labrador (regional) investigation.............: ~50-
4.1.2  Additional dataset to test reproducibility of Labradorian results for a
supplementary (SWiSS) StUAY rE€gIOMN.........ccuuririieeeiisiiiiee e e e e e e e e e s ssnireeeaee e T D2
4.1.3 DEMs and datasets used in global investigation, within LGM limit (World map of
potential OVErdeePENINGS) ... ..cuuiiiuriiiiee et ittt e e e e e e e e e e e aibrneeeeeeeaas :52-
414  DEM and daSEet ACCUIACY... ... uuuuurrrrrrririeeeinieiieieeeeeeeeeaaaaaaaaaaasaeeeaeensnnnsnr D4 -
4.2  Identifying overdeepenings (Objective.L1)...........ccooiiiiiiinieiiiiiiiiieeeeeeeeeeeeee -61-
4.2 1 Study region eXIENT(S).....uuureeeeiiiirrrieeeeeasiiiieeeee e e s st e e e e s sserereeee e s nees -62-
4.2.2 Identifying sinksand projection of data..............ccccuvveeeeiiiiiciiieee e sinnnnn s 64 -
4.2.3 Removal of small artefacts/errors from sink data (thresholding)........... - 66-
4.2.4  Defining overdeepenings that contain lakes, within sink data............... ~67-
4.2.5 Defining topographically low lying overdeepenings, within sink data (filtering;
applied to regional StUAY ONIY).......oouiiiiiiieiiie e ~70-
4.2.6  Defining overdeepenings, within sink data (further thresholding; applied to
global StUAY ONIY) .ceveeieeeieeeeeee e -73-
4.3 Identifying glacial valley confluences (for regional study) (Objective.2)....... :74-
4.3.1 Cafluence identification, criteria, and certainty.............ccccoccvvvevmeennnnne -74-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

4.3.2 Defining confluence extent (perimeter)...........cccccceevvivieeeeeeennniiinenee.n 87 -
4.3.3  Defining the internal geometry of confluences............ccccccceevviiiiiinne.n 91 -
4.3.4  Defining confluence extent (dpibutary valley)............ccccvvvivrveeieennennnns: -98-
4.3.5 Defining confluence extent (dowtnunk valley)...........cccccccvvvivvivvvennnnnnee. -103-
436 S5STAYAY3I T dzNItkirfk eimiHdtiong. S.N1..£..0....R.2.4.y106-
4.4  Sensitivity testing in order to justify parameter choices..............cccvvveeeenns -108-
4.4.1 Dataset visualisation parametersS..........ccccuvvvviiiiimieeeiieieeereeeeeeeeeaeeaeeead - 108-
4.4.2  Overdeepening Parameters........ccccceeeeeeee et e e e -108-
4.4.3  Confluence paranters (regional StUAY) .........ceeevvevieiiiiiiiiiiiieieeeeeeeee -113-
4.5 Investigating ice velocity hypotheses (1 & 2); Assessing thecation of glacial
confluenceand overdeepenings, for Labrador study region (Objective. 3)............. -123-
4.5.1  Evaluating the strength of the docation relationship beveen glacial
confluence and OVErdeEPENINGS. ......uuuiiiiiiiiiiieeieeree ettt :123-
45.2 Measuring valley crossectional area change through glacial confluences
(@] o] STt 1YL= ) TR - 126-
4.5.3  Evaluating the influence of confluence cregxtional area change upon
overdeepening location (ODJECTIVE.D)........cuviiiiiiiiiiiiieie e -127-

4.5.4  Evaluating the influence of confluence cregstional area change upon
overdeepening Size (ODJECHIVE.B).......uuviiiiieeiiiieei e :130-

4.6 Investigating bedrock erosion hypotheses (3 & 4); Assessing tloeaiion of
geological zones and glacial confluence, foradbr study region (Objective 7)....... -136-

4.6.1 Evaluating the strength of the docation relationship between geological zones
and dacial CONFIUBNCE........ooovii e -136-

4.6.2  Assessing the elmcation of geological zones and overdeepenings (Objective 8)
141-

4.6.3  Assessing the elocation of glacial confluence and overdeepenings, per each
geological zone (ODbJeCtiVe.9).......occuiiiiiieeiiiiiiiieee e ssireeee e e sninneeeee. 7 DAL

4.6.4  Assessing the elmcation of geological zones and glacial confluenctcated
with overdeepenings (Objective 10).........ccccceeeeeeeeiiiiiecceccveevnvnvennnn s 142 -

4.6.5 Evaluating the influence of confluence bedrock mass strength upon
overdeepening location (ObJeCtive 11)......ccccuviiiiiiiiieeiiiaeee s -142-

4.6.6  Evaluating the influence of confluence bedrock mass strength upon
overdeepening Size (ObJeCtiVe 12)........cccevviiieiiiiiiiieeiee i ssiiiieeeeeeeeennr 143

4.7  Testing reproducibility: A supplementary (Swiss) study region (Objective 1B35-
47.1 Defining structural fault zone extent, within structural geology zone...- 145-
4.8 Identifying probable overdeepenings within limits of the LGM, globally (Objective 14)

-147-
D RESUILS. ...t e e e e e ————————— +.148-
5.1 Sensitivity testing in order to justify parameter choices....................ccccee.. -148-
5.1.1  To what extent does the working definition of confluence affect confluence
speedup ratio? (regionNal STUAY) ........uuurrieeiiieieiiieieeee e - 148-
5.2  Qualitative analysis of the Labrador study regian...............cccoeeeieceiccnnnnnnes - 153-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

5.3 Investigating ice velocity hypotheses (1&2) for Labrador study region......- 154-
531 Evaluating the strength of the docation relationship between glacial

confluence and OVErdeEPENINGS. ......uuurriiiiiiiiiiiieereer et ee e e : 155-
5.3.2  Colocation of individual confluences with overdeepenings................~ 159-
5.3.3  Colocation of individuabverdeepenings with confluence....................~ 160-

534 Investigating ice velocity hypothesis (1): Evaluating the influence of confluence
crosssectional area change upon overdeepening locatian...............cccveveeeeennnee - 160-

5.3.5 Investigating ice velocity hypothesis (2): Evaluating the influencerdfuence
crosssectional area change upon overdeepening Size...........ccccvvveeeviiiiiivieeeeenn. - 164-

5.4  Investigating bedrock erosion hypotheses (3&4) for Labratlady region......- 167 -

5.4.1 Evaluating the strength of the docation relationship between specific
geological types and glacial CANCE.........coovviiii -167-

5.4.2 Evaluating the strength of the docation relationship between geological zones
AN OVEITEEPENINGS ....ciiuettieieeeee ettt e e e e s e e e e e s s re e e e e e s abbbe e e e e e e s aannnreeeeas -170-

5.4.3  Evaluating the strength of the relationship between glacial confluence and
overdeepenings, within the structural geology zone...............ccccceeviiiiiiiiiiiieen, :172-

5.4.4  Evaluating the strength of the relationship between the structural geology zone
and glacial confluence (for confluenogih overdeepenings).........cccvvveveeeeeeeeen. -174-

545 Investigating bedrock erosion hypothesis (3): Evaluating the influence of
confluence bedrock mastrength change upon overdeepenings within the structural
OEOIOGY ZONE ... e :176-

5.4.6 Investigating bedrock erosion hypothesis @yaluating the influence of
confluence bedrock mass strength change upon overdeepening size within the structural

OEOIOGY ZONE... .. e - 182-
5.5  Testing reproducibility: A supplementary (Swiss) study region.................. +.186-
5.5.1 Investigating bedrock erosion hypothesis (4): Evalgahe influence of
confluence bedrock mass strength change upon overdeepening.size.............~ 186-
5.6  World map of overdeepenings. ........cccccvvrurrrreieeeriiiiireeeeesesssiseeeeessssnneennn s 189-
B DISCUSSION....ciiiiiiiiie it e e et e e e e e e e e e e e e e e e e e e e e -198-
6.1  Sensitivity testing of operator variability in confluence definitian................ ~200-
6.2  Confluence allOmMEtry.........ccooiiiiiiiiiie e =.200-
6.3  The development of Lahdorian topography: The influence of topographical and
glacial controlS UPON gEOIOGY........uuririieiiiiiiiiiie ettt a e s e e e +.204-
6.4  Glacial buzsaw: Accounting for thdifference between valley overdeepening depth
in the Labradorian compared to the Swiss structural zone.............ccccccceveeeeeennnnn s 205-
A O o Tox 111 o] o = PRPRERR - 208-
7.1 OUutcOMES Of ANAIYSES....uuuui i e +.208-
7.2 FUUre RESEAICH ... a e -211-
RETEIENCES. ...t e e e et e e e e e et eeeeas =.214-
7Y o] 01T T [ PP PSSSPRPPRPRRR -.235-
8 The internal geometry of confluences: DISCUSSION.........ccooiiuriiiiierniiiiiiieeeeena ~235-
8.1  Defining the absolute tributaryrunk valley boundary (ADTT)......ccccvvveeenne +.235-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

8.2  Applying the ADTT method: Problems............cccoooiiiiiiiiiii e -237-
8.2.1  The DTT methadA SOIULION..........eviiiiieiiiiieee e -237-

List of figures

Figure 1. Comparison of fluvial and glacial valley longitudinal profiles.............cc......... -2-

Figure 2. A terminal overdeepening............coooeiiiiicciiccci e rerr e e e e e e e aaaaaee e R O

Figure 3. DEMs and valley profiles showing overdeepened basins, inc. surface ice veloeity map.
4 -

Figure 4. Fjorddongitudinal profile, and bathymetry..............coooeeiieiiiiiiciieeeeeee, =5-

Figure 5. Longitudinal profile and plan map of Storglaciaren Glacier, Northern Swede®.-

Figure 6. Schematic of an overdeepening. Water and sediment filled overdeepenings? -

Figure 7. Output from the Tomkin (2009) model, showing glacial overdeepening.....- 13-

Figure 8. Schematic profile and plan of pure overdeepening(s), inc. process diagram (ice

(V] (01011 1Y) TR PO PP PPPPPP R OPPPPPPPPPIR - 26-

Figure 9. Schematic profile and plan of pure overdeepening(s), inc. process diagram (meltwater
ADUNGANCE)..... et e e e e e +.28-

Figure 10. Schematic plans of topographical overdeepenings, inc. process diagram (valley CSA
(o] g F=T o[ [ TP PP PP PPPPPPPPPP -30-

Figure 11. Schematic plan of topographical overdeepenings, inc. process diagrardlpailey
PEITUIDALIONS) ... eeee ettt e e e e s et r e e e e s s anbrnne e e e e s s snnnnneeees T G2

Figure 12. Schematic plan of geological overdeepenings, inc. process diagram (bedrock mass
SIENGIN CHANGE). ... i -34-

Figure 13. Schematic plan of several valley glaciers, summarising the various potential types of
()Y o [=T=T o =T ] Lo PP PPPPPPPPPRRPRPRRY ~36-

Figure 14. Schematic plan of topographical/geological overdeepening, inc. process diagram
(change in valley CSA & bedrock mass strength, simplified)..................cool. :41-

Figure 15. The study region (Labrador, Canada and surrounding regian)................. +.43-

Figure 16. The nortkast coast of the Labrador province of Canada......................... -46-

Figure 17. US NASA SRTM COVEIrage MapP.........uuurrrrrreereeeeereereeeeeeeeeeaeaaasaasaasssansnnnnsar D1 -

Figure 18. The main elements of the workflow for overdeepening iderttditand definition-
63-
Figure 19. Defining overdeepenings that contain lakes, within sink datbgfwador study

region, and fOr WOIIA MaP)........ccou it e e e e e e e -69-
Figure 20. Defining topographically low lying overdeepenings, within sink degar(@! for
Labrador Study region ONIY)........ocuieeeiieee i e e -71-
Figure 21. Defining topographically low lying overdeepenings, elevation threshblddba
1000 V0] 111 TP PPR PRI = 73-
Figure 22. The study region (Labrador, Canada and surrounding region)................. =75-

Figure 23. The main elements of the workflow for confluence identification and definkio®.

Figure 24. Schematic plan of an idealised confluence..............ccccccovviiiiiiiiiiiiinees =79-
Figure 25. Schematic plans of confluences: Tribdiamk angle.............ccccvveeeiiiiiinnee. -80-
Figure 26. Schematic plans of confluences: Major and minor tributaries................... =81-
Figure 27. Schematic plans of confluendéanging valley & stepping valley................. -82-
Figure 28. Example of hanging Valley.........cccccuuiiiiiiiiiiieeeeeee e -83-
Figure 29. Example of stepped Valley..........cooiii -84-
Figure 30. Schematic plan of ice flow direction within a valley system...................... -85-
Figure 31. Poorly defined confluencesactl erosion...........ccccccvveevvvviiiniieeeeeeeeeneen.... 86 -
Figure 32. Defining confluence extent (PerimMeter)..........ovvveeeeeeeee e -88-

Vi



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

CAIdzNBE oo®d 5SHfAY3I gAGK WAY.OLSNHAI.SRQ.-8R2 Yy Tt dzS
Figure 34. Validity of confluence perimeter, in the context of the surrounding valley network.
90-

Figure 35. Defining the dowtmnibutary termination (DTT).......cvveiiiiiiiriiiieeee e :91-
Figure 36. Defining the treling direction of tributary vallegides in order to define valley axis.
................................................................................................................................... -93-
Figure 37Dealing with change in the trending direction of tributary vakéges about the
position of the DTT on one tributary flank..................ooo e -94-
Fgure 38. Identifying the trending direction of tributary valeiges where irregular.......- 95-
Figure 39. Maintaining realistic inteahconfluence geometry...............ccoeeeeccciccnvvnnnnn s 97 -
Figure 40. Defining the wpibutary termination (UTT).......cccceeeeeeeeeeieiiieeee0. 99 -
Figure 41. Surface ice velocity vectors for the Lambert Glacier, Antarctica.............~ 100-

Figure 42. Dealing with problems that arise where UTT is not well constained by topography.
101-

Figure 43. Dealing with the scenario where thetriputary end of a confluence occurs close to
102N B I PP OUPPRPTPPR -102-
Figure 44. Defining the dowinunk termination............ccccoviiiiiieeennnsieee e -104-
Figure 45. Defining the treling direction of trunk vallegides in order to define valley axis.--
105-

Figure 465 STA YAy 3 W02y a S ND+runkieBitatiohsy . R.... WL .A.0-306F f Q R?2
Figure 47. Dealing with problems that arise where the libegaihpeter is not well constained

o)V (o] oo To ] £=T o] 0 | /PP OO PSS OUPPPPPPPPPPY -107-
Figure 48. The frequency distribution of elevation values for the Labradoy stgibn..- 110-
Figure 49. Considering the sensitivity of overdeepened area to variation of the elevation

L0 a1 =S 1o o ISP =.111-
Figure 50. Schematic plans of confluences: Tribtfamnk angle..........ccccccc. -113-
Figure 51. Example of a hanging valley...........ccccciiiiiiiiiiiiiieieeeeeeeeeeee e, :114-
Figure 52. Testing the sensitivity of confluence spepdatio to change in (lateral) confluence
L) L] 0| TSP P PP PRUPP -116-
Figure 53. Considering the optimal relief threshold, with which to test the sensitivity of
confluence speedip ratio to change in (lateral) confluence extent.............cccvvvvveeee -117-
Figure 54. Testing the sensitivity of confluence spepdatio to change in dowitributary
termination (DTT) position and tributary valley axis orientation..................ccccceennnee -118-

Figure 55. Considering optimal angle thresholds, with which tothessensitivity of
confluence speedip ratio to change in dowitributary termination (DTT) position and
tributary valley axiS OreNtatioN..........cooiuiiiiiiiiii e +120-
Figure 56. Considering operator variability in the location of the downk termination. - 122

Figure 57. Assessing-taxation of glacial confluence and overdeepenings using a. GI823-

Figure 58. Defining the precise extent of the Labrador studiore...........c.ccvvveeeeeenns -124-
Figure 59. Quality control of the confluence/overdeepening datasets...................... =.129-
Figure 60. Dealing with ice flow direction reversal in confluences..................o........ -130-
Figure 61. Further quality control of the confluence/overdeepening datasets: Overdeepening
SCale, lOW CEIMAINTY .. .ciiiiiiieiie et ereeeeeeeeeeeaaeasaaaaaaaeesa T L2
Figure 62. Further quality control of the confluence/overdeepening datasets: Overdeepening
scale, low certainty, other iINdICAtOIS............oovviiiiiiii e -133-
Figure 63. Further quality control of the confluence/overdeepening datasets: Overdeepening
scale, MOderate COIMAINTY..........ii i e e e e e e e e e e e aaaaaeeeens -134-
Figure 64. Further quality control of the confluence/overdeepening datasets: Overdeepening
scale, high certainty............ooo oo eeee e ee et e e e e e e e e e e e e e e e e e e e e s e enneee 7 13D

Figure 65. The study region (Labrador, Canada and surrounding region), with the geological
zones for the province of Labrador (modified from Wardle, et al., 1997) superimpos&87 -
Figure 66. Defining structural fault ZoNe exXteNnt..........cccccuuviiiiiiiiiiiieeeeeeeeee e - 140-

Vii



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Figure 67. The Swiss Study regiQn............ccccoieiiriereeeiiiiiiieee e eesirneeee e e ssnnneeeee e 145 -
Figure 68. Defining structural fault zone ext (Swiss study region)...........ccccveeereennnn -~ 146-
Figure 69. Sensitivity testing. Map of confluence case study locations.................... =.149-

Figure 70. Results of testing the sensitivity of confluence ratio to change in the working
definition of confluence (extent and internal geometry), sortearder of performance,
showing each case study and the range of each corresponding ratio.value............: ~151-
Figure 71. Confluence caseidies 3 and 9, demonstrating excellent and poor outcomes
(respectively) to testing of the sensitivity of confluence ratio to change in the working

definition of confluence (extent and internal geometry).........ccccceeeeeeeieiee e, -152-

Figure 72. Evaluating the strength of the aredaxation relationship between glacial

confluence and OVErdeepeniNgS..........ccooeiiiii i i i i i cccceccccrrrrrrrrreerereeeeeeeeseeeaeaaeaeena 2 LDO -

Figure 73. The frequency distribution of confluence 'speed up' ratio, for confluences with and
WIthOUL OVEIdEEPENINGS.....cci i e e r e e e e e e e e e e e aaaaaaaaas -162-
CAIdzNBE Ttnd ! adzYYIFINE 3INI LK 2F FNBIdSy1lé®e RA &
Figure 75. Relationship between confluence CSA ratio and the maximum depth of
overdeepenings, after some quality CONIOL...........ccooiiiiiiiiiiiiiiii e - 165-

Figure 76. Relationship between confluence CSA ratio and the maximum depth of
overdeepenings, after further quality contral............ccccooviiiiiiiiei e, -166-

Figure 77. A comparison of the expected 'random' and the actual observed percentage of total
confluence area that is eocated with geological zones, within the Labrador study region.

169-

Figure 78. A comparison of the expected 'random' and the actual observed percentage of total
overdeepened area, that is docated with geological zones............ccccccveeiiiiiniinnnens -171-
Figure 79. A comparison of the expected 'random' and the actual observed percentage of total
overdeepened area that is estimatedlbe celocated with glacial confluence within the
(expanded) structural geology ZONE..........oovvviiiiiiii i -173-
Figure 80. A comparison of the expecteghdom' and the actual observed percentage of total
glacial confluence area that is-tmcated with the structural geology zone (for confluences

WIth OVEIdEEPENINGS)...ciiiiiiieiiiee e e e e e e e e e aaaaaaaaaas -174-
Figure 81. The frequency distribution of confluence 'speed up' ratio, for confluences with and
without overdeepenings, within and outwith the structural geology zone.................n 178-
Figure 82. The frequency distribution of confluence 'speed up' ratio for confluences with
overdeepenings, within and outwith the structural zone..............cccccooviiviiivneinnnee. :179-
Figure 83. Relationship between confluence CSA ratio and the maximum deptfoohited
overdeepenings, outwith the structural geology zane.........ccccccccceveviveeinn..2. 183-
Figure 84. Relationship between confluence CSA ratio and the maximum deptiocttex
overdeepenings, within the structural geology zone............cccccccvvviiiveeeeeiiiiiiieene...2. 185-
Figure 85. Relationship between confluence CSA ratio and the maximum deptioctted
overdeepenings, within the structurgeology zone, Swiss study regian.................... =187-
Figure 86&h. Topographical depressions within the limits of the Last Glacial Maximum (LGM)
emphasising localities of likely glacial overdeepening............ccccccoovcvvvvereeriiiininnnn... 2. 190-
Figure8®m ! adzYYI NE 3INI LK 2F FNBIljdzSyOe .RAZ0FNR 6 dzi
Figure Al. Defining the absolute tributarynk vdley boundary (ADTT).......cccvveeennnnns +.236-
Figure A2. Applying the ADTT method, problems..............coooiriiiiiiieeeee -.238-

viii



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

List of Tables
Table 1. Reviewed numerical models which simulate overdeepenings, and the controls and

feedbacks included within each model..............ccco e :22-

Table 2. Predicted overdeepening controls and characteristics, which could be examined in

L1 L0 RS (8 o [T SR EUUR UG 1o T

Table 3. Methods with which potential hypotheses of controls upon overdeepening location
and size could be tested in future STUAIES............uuviiiiiiiiiiiiieiiieee a7 38 -

Table 4. Results of testing the sensitivity of confluence ratio to change in the working definition
of confluence (extent and internal geometry), sorted in order of performance......... - 150-

Table 5. Summary statistics for the Labrador study region...........cccccceevveeeeeeeeeennn.. - 154-

Table 6. Summary statistics showing the aredocation relationship between glacial
confluence and overdeepenings, for subsets of overdeepenings within the Labrador study

(1= T0 0] o OO - 155-
Table 7. The chiquared test of independence for the relationship between confluence and
overdeepening, within the Labrador stutsggion.................ccoooooi e, =.158-
Table 8. Summary statistics showing thdaration of individual confluences with
overdeepenings, for subsets of overpenings within the Labrador study region....... -159-
Table 9. Summary statistics showing the@ration of individual overdeepeningsttvi
confluence, for subsets of overdeepenings within the Labrador study regian.......... - 160-

Table 10. Summary statistics showing the numbpercentage, and average ratio values of
confluences demonstrating ice velocity speed up (i.e. a ratio > 1), for subsets of confluences

within the Labrador Study region............cccooiiviiieeieiiiiiiiiiieee e e s ssiineeee e e eseenn s 101 -
Table 11. Summary statistics for the geological study of the Labrador regian......... :167-
Table 12. Summary statistics showing the aredocation relationship between geological
zones and glacial confluence within the Labrador study region.............ccccooccvvveeee.. -168-
Table 13. The clsquared test of independence for the relationship between structural zone
and confluence, within the Labrador study region.............c.cevveeiiiiiiieieeee e +.169-
Table 14. Summary statistics showing the aredocation relationship between geological
zones and overdeepenings within the Labrador SmEoN.............ccccvvvviveiieeeeeennenens: -170-
Table 15 The chisquared test of independence for the relationship between structural zone
and overdeepening, within the Labrador study region.............cccccoovvvunniiniinereeeeennnns ~171-

Table 16. Summary statistics showing the estimated ardacaation relationship between

glacial confluence and overdeepenings, within the (expanded) structural geology..zdr& -
Table 17. Summary statistics showing the aredocation relationship between glacial
confluence and the structural geology zone, for confluences with overdeepenings.- 174-
Table 18. The clsquared test of independence for the relationship between structural zone
and confluence (for only confluences that contain overdeepes)ingithin the Labrador study
(=70 (o] o TR PSPPSR PRSPPI -175-
Table 19. Summary statistics showing the number, percentage, and average ratio values of
confluences demonstrating ice velocity speed up (i.e. a ratio > 1), for subsets of confluences
co-located with overdeepenings within the Labrador study regian..................cc....... -177-
Table 20. Summary statistics showing the number of individual confluences in the geological
study region that occur within each geological zone, and that aflecated with

overdeepenings iN EACH ZONE.........ooiiiiiiiiie e -.180-
Table 21. Summary statistics showing the number and percentage of individual confluences in
the geological study region that occur in the struclwane and that are ctocated with

overdeepenings in the StruCtUral ZONE...........ovvvviiiiiiiiiicec s -181-
Table 22. Statistics, for subsets of confluencekiwthe Labrador study region..........- 182-
Table 23. Summary statistics for the world map of potential overdeepenings.......... - 189-
Table 24. Statistics, for subsets of confluences within the Labrador study region (reproduction
Lo = 1] 302 U =.203-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

1 Introduction

This chapteroffersa fundamental overviewf the glaciallandform that is commonly referred
to as an overdeepeningand summariseswhy the phenomenon is of interes both a
theoretical andan applied sensd-or context, hie nature of fluviagradedand glacial valley
longitudinal profils are discussed and compardkasors for differencesbetween the two
profiles are examined.The ypical location of overdeepening within the glacial landscape
basic overdeepeimg characteristics and likely processesof overdeepeningformation are
briefly outlined Realworld examples ofoverdeepenings are presentethe rationale for the

research project is explained.

Overdeepeningsare glacial landforms that arereated byglacial erosion of the bedrock
underlying a glacierto form a closeebasin (Gannett, 1898; Penck, 190@verdeepenings
occur where glaciers erodbelow the pre-existing fluvial valley graded profile(figure 1a)
(Sugden & John, 1976)

Fluvial valley longitudinalprofiles naturallytend towards a graded profilend will nevererode
below it This is becauseivers concentrate erosion upon upstream steeper slbpekse
sediment transportapacity énd therefore deposit sedimgnpon downstream gentler slopes
(Gilbert, 1877; Mackin, 1948An idealisedfluvial valley graded profile can bapproximated
to a concaveup parabolic curvefigure 1a), with thegentlest part of the profileccurringwhere
the river approaches base level (which is usually the oc€he)idealisedluvial valley graded
profile is rarely achieved ireal worldscenariobecausedransientabrypt changesn gradient of
slope (knick points) within the profile usually arise(figure 1b) over geologicaltime scale
(e.g. $ange, et al(2013). Causes of ich changesnclude (but are not limited tajesistant
geologyand/ortopographimbstructiors (e.g landslides or perhapsdce, acting as a damyyhich
potentially result inwaterfals andor lakes. These imperfections the profileare temporary,
because aiver will focus erosion and deposition order to allow the profile to approa
(i.e. re)grade. Terrestrial fluvial valley longitudinal profilésnd towards a graded profile over

a time scale of thousands to millions of ygarg. Stange, et g2013).

In contrast,in glacial environmentgrasion and sediment transport direited by the slope of
the ice surface, which drives ice (and water) flow. Thus, ice can erode deep(hgsreslc)
provided that ice mass supply is sufficient to maintain a positieesurfae profile and
provided that the bed of the basin remains shallow enougrsuibaflacial meltwatercannot

pondandso theoverlyingice mass cafiow. If the bed of the basin steepens excessivaly
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Figure 1. Comparison offluvial and glacial valley longitudinal profiles.

(a) An idealised fluvial valley graded longitudinal profile. (b) Realworld fluvial valley longitudinal profiles for
rivers within the Cenozoic Duero basin, northwestern Iberia, Spain(Antén, et al., 2012) Valleys within this
region have never been glaciatedt can be noted that each profile is simple concave, with no depressions
apparent within. Knick points are visible at positions along many of thdongitudinal profiles, evidence of
re-grading due to change in base level(c) Glacial valley longitudinal profile of the Pieciu Stawow
Polskich/Roztoki Valley and the Roztoki glacier, high Tatra Mountains, Western Carpathians. Solid lighgrey
and dashel dark-grey lines respectively show a manually reconstructed and a modelled profile of thestlast
glacial maximum (LGM) palaeaglacier (Makos, et al., 2013) Overdeepening is evident at several positions
along the glaciatedvalley longitudinal profile, where the glacier has eroded below the former fluvial graded
profile (not shown). The occurance of many overdeepenings along almost the full length of the glacial valley
longitudinal profile is a likely consequence of changeniglacier extent over time and the influence of localised

non-glacial controls upon overdeepenindocation and size
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result will be that meltwater will pond and the ice mass will float, with the consequence that the
ice mass will be unable to erode the bed. Glacial environments are not limited by a base level in
the same way as their fluvial counterpadther tharby one indirectly imposed bihe size of

the parent landmass abg theequilibrium line altitudg(ELA) of the glacier(Sugden & John,

1976; Linton, 1963)Terrestrial glacial valley longitudinal profilefigure 1c) develop over a

time scale of thousands to tens of thousands of years (depending upon the length of glacial
occupancy, whether the glacier is warm or cold based, and the influence of localisgdamn
controls, etc.). The time scale for development ofazigl valley longitudinal profile is often
quicker than the time it takes for fluvial valley longitudinal profiles to reach grade. This is
because glacial erosion is more efficient relativéuwial erosion(Anderson, et al., 2@).

As a consequence of the controls upon glacial erosion and sediment traglap@itjandscapse

are littered with abruptjumps in topography (e.g. steps, hanging valleys) and isolated
depressions (e.g. overdeepeninfigure 2. Overdeepeningare common features of glacial
and/or formerly glaciated landscapand are typically foundn glacial troughsand cirques
(Sugden & John, 1976; Linton, 196@)gures 35). They are thoughto develop by glacial
erosive processes (primarilyy quarrying but also by abrasion and bglacial meltwater
erosion) acting upon a particular localisuallygoverned by an ice erosion feedbdekooke,
1991; Alley, et al 2003) The preexisting valley geometry (topography) and geology are
thought to be a significant contraipon overdeepening developmeriGlasser, 1995;
MacGregor, et al., 2000; Preusser, et al., 2010)

Figure 2. A terminal overdeepening.

A terminal (i.e. situated at downglacier end of glacier)overdeepening partially exposed by glacier retreat; the
overdeepening is partly confined by an arcuate morainglacial debris)ridge (BagleyIcefield, Alaska) (image:
Don McCully). Modified from Cook and Swift, 2012.
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Figure 3. DEMs and valley profiles showing overdeepened basins, inc. surface ice velocity map.

(a) Contoured digital elevation model DEM) of bed topography (upper panel) in the Gamburtsev Mountains,
Antarctica, showing classic alpine topographyvith overdeepened basins occupying a pmgacial fluvial valley
network; profiles along major valley-axes (inset, upper panel) reveal the depth aneixtent of overdeepening
(lower panel) (modified by Cook & Swift, 2012, with permission from Bo et al., 2009), ranging upto several
hundred metres depth, and from hundreds of metres to several kilometres in extent.)(Rontoured map (left)
and DEM (right) of bed topography, showing the glaciatedvalley context of the overdeepened basin occupied
by Ellsworth sub-glacial lake, Antarctica; map also shows surface ice velocities (contours are 100 m intervals;
figures provided by Neil Ross)YRoss, et al., 2011Modified from Cook & Swift, 2012.
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Figure 4. Fjords; longitudinal profile, and bathymetry.

C T Lloyd

(a) Sam Ford Fjord, Baffin Island, Nunavut, northern Canada. The fjord is overdeepened to800 m depth
(image: StefanPlazier). (b) Longitudinal profile of Sam Ford Fjord, Baffin Island, Nunavut, northern Canada,

showing the overdeepeing within the fjord (based upondata from Kessler et al., 2008)(c) The bathymetry of

the lkka Fjord, southwest Greenland, as mapped by side scan sonar. The survey has detected several
overdeepeningsof up to 30 m depth, as indicated by the darkest coloured closed contours (modified from

Seaman, 1998)
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Figure 5. Longitudinal profile and plan map of Storglaciaren Glacier, Northern Sweden.

(&) A longitudinal profile of Storglaciaren, a small glacier in northern Sweden showing the relationship
between locations of wateinput (i.e. crevasse zones and bergschrund) and presumed sites l#drock
quarrying (triangles). Four overdeepenings are clearly visible each situated immediately dowsglacier of
locations of waterinput and presumed sites of quarrying (b) Plan map of Storglaciaren, showing surface and
bed topography, and the line of the logitudinal profile. Bed topography from Eriksson (1990) Modified from
Hooke (1991)

An important defining characteristic ah overdeepening is the presence of an adverse slope
(Linton, 1963)(figure 68). Overdeepeningsand any associated adverse slopay be difficult

to identify in the fieldbecause ofhelarge sizeof the phenomenorelative to the observer, and
because ofpossible infill by water (figure 6b) and sediment(figure 6¢). Typically,
overdeepenings occur @scale of hundreds sfjuaremetresto manysquare kilometrem the
horizontal plandi.e. length, width)and on a scale of tens to hundreds of metres in the vertical
plane(i.e. depth)(Hooke, 1991; Seaman, 1998; Kessler, et al., 2008; Ross, et al., 2011; Cook &
Swift, 2012; Makos, et al., 201,3although no work has yet been undertaken to quantify these

metrics
-6-
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Figure 6. Schematic of an overdeepening. Water and sediment fillem’erdeepenings.

(a) A schematiclongitudinal profile of a glacierscale overdeepeningAn important defining characteristic of
all overdeepening is the presence of an adverse slopat the downglacier end (b) A trunk-valley
overdeepening bisected by posgilacial alluvial deposition and otherwise infilled by water (Buttermere Lake
and Crummock Water, UK) (image Rob Larkamb). From Cook and Swift, 2012 (c) The Salzburg Basin,
Austria. The basin is of tectonic origin, glacially overdeepenelly the Salzach Glacierto approximately 200m
depth (an example of a terminal overdeepeningprior to the Last Glacial Maximum. The overdeeperd basin
was subsquently a pro-glacial lake, which later became infilled with setinent. The view looks south,
upstream. The U-shapel glacial valley, carved by theSalzach Glacier at the Last Glacial Maximum, is visible

(yellow), and the limit of the sediment infill (foreground) of the basinis also clearly apparent(red).
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Overdeepenings of interest because it isn important glaciological and geomorphological
process thas thought to be a major contnagpon glacial landscape development, avidch has
the potential to influence the responseice massegi.e. morphology, dynamics, retteste,
stability) to change in the global climate systerffihe study ofthe location andsize of
overdeepenings crucial in enabling us to make process inferettzatswill aid development of

a broader understandingf the relationships and feedbacksithin glacial systemsand of
landscape evolutiofCook & Swift, 2012) Additionally, overdeepenings a# interest in an
applied senseThe phenomenon is quite commoniwestigated in geotechnicahgineering
studies (Taylor & Wilson, 1997) and has also been consideredgeohazard assessment
analyses(Frey, et al., 2010)Some studies have investigatedtie use ofoverdeepenings as
aquifers (Cormier, et al., 1998; Schneider & Rybach, 1999y hydropower generation
(Linsbauer, et al., 2012; Malyutkin & Mdtov, 1985) or as potential locations for
storage/disposal of nuclear waéBykes, et al., 2009; Talbot, 1999)

Despite their significance, outlined abovesystematic study of overdesmfings has yet to be
undertaken. It has ndteen possible to establish whethdferent types of overdeepening exist
(i.e.in different locationspccurring atifferent scales)or to developa deepeunderstanding of

the processes of overdeepen initiation and development, and the primary controls thainare
operation This research aims toontribute towards closinghis gap in current knowledge
utilising GIS tools and digital elevation models (DEM8yerdeepening location and siaee
investigatedwithin a study regionand the potential controls on initiation and development are
evaluated with a view to enhancing process understanding by empirical . fies®arch
outcomes on the metrics of overdeepenings or process insights may help refine numerical
models of glacial erosion and landscape evolution in the fulupeations of possible

overdeepening are also investigated systematically at global asala aid téuture study

In the first instance, literature is examined to demonstrate the ettemtrent understanding of
overdeepening processes and of the landform. Afterwanmasvel typology of overdeepenings

is developedased around thefirimary control. Testable hypotheses and project objectives are
then developed to examinsome controls upon overdeepening location and siZiEhe
methodology is subsequently discussedncerningthe DEMs and datasets ags andhow
overdeepenings amather landformgrelevant to the studygre identified and definednd how

hypothesesre testedResults ar¢hen evaluated and discussed.
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2 Literature Review

This chaptemprovidesan appraisalof core theory pertaining to glacial overdeepenings well
as elucidation regarding a selection ofimportant numerical models andheoretical and
empiricalstudiesof relevance to the study of overdeepeniRglaeoglaciologis exploredas a
method to investigate past and cwmmporary processesA typologyof overdeepenings
established, according taverdeepeningcontrols and characteristicsuggested by the
literature. The interaction otontrols isconsidered, befor@otentially testable hypothesesf

controlsare appraisel. The geographical region to be studied is discussed.

The general concept diie glacial overdeepening is traceablethie pioneeringwork of Henry
Gannett(1898)and Albrecht Penckl900) However, awidely agreed definitio of the term has
always been missindzor much of the 20 century overdeepeningfavetypically only been
mentioned inrelevantresearcheither obliquely orin passing Studies which havedirectly
mentiored and discussd overdeepeningsn any detail have usually providd only an
observational arldr morphometricdescription of the phenomen with little or no emphasis
upon analysis ofglacial processeand systemsSuch studies werendertakenprior to the
quantitative revolution in geomorpholggwhich occurred duringthe 1970s Subsequent
numerical model®f glacial landscape evolutipand theoretical empirical studiesf glacial
erosionandthe glacial landscapdiave slowly developedprocessunderstandingo the point
where processeghat are possible controls upamverdeepeningand other glacial landform)
location and sizarebeingexploral. Suchdevelopmen{presumably linked to improvements in
computing technologypppears to havaccelerated significantly within the last few years
hinting thatour knowledge of glacial systems may be about to esmeexciting period of
potentialy rapid advanament

2.1 Possible controls upon overdeepening location and size

It has been suggested that a variety of controls may be responsible lueatien and sizef

glacial overdeepenings. From reviewing the wider literature | propose that overdeepenings can
be simply categorised (by thegontext or primary contrpl Such overdeepening types,
suggested in the literature, includgrque (formed near the head of glacier, during early

glacier development, e.g. Antarctic examgl&siya & Welch, 1981), equilibriumline altitude

(formed at the altitude of maximum glacier ice velocity, as the glacier reaches maturity,
e.g. Alaslan examplegHallet, et al., 1996) terminus(formednearthe glacier terminusyhere

meltwater is abundang, . g . Kveéar | ok ulkdampleSpeddindi8&eEvang, 20028 e | a n «

confluence(formed at the confluence of two glaciershere ice velocity increases due to

-9-
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effective decrease in channelosssectional areae.g. Yosemite Valley USA example
(MacGregor, et al., 200Q) valley-floor perturbation (formed immediately downstreamof
topographicsteps or hanging valleyslue to focusing of meltwater, as discussed figinke
examples (Bakker, 1965), and geological (formed in lithological or structural zones of
particular weaknesswhere glacial quarrying is most effective, e.g. Alpine examples
(Preusser, et al.,, 2000)Linton (1963) in his review of various fieldevidence of glacial
landforms asserts that overdeenings are not an exceptional but sual feature of glacial
troughs

2.2 Processes of overdeepening initiation and development

The work of Hooke is possibly the most significambdern contributiorto research regarding
gladal overdeepening. Hookd 991)explains that glaciers erode by the processes of quarrying
and abrasion, as well as t®ubglacial meltwater erosion. In the case of overdeepenings,
quarrying is thought to be the dominant process. Hooke arguesatpasitive feedback
operates, which amplifies perturbations in the longitudinal profile of the glacier valley.
Crevassing, over a minor convexity in the bed, localises water input (and hence erosion), thus
amplifying the convexity, and resulting in thesation or enhancement of the overdeepening
(Hooke, 1991) The steepness of the adverse bed slope of an overdeepening may be limited by
the ability of water to flow along the bed. This should result in an accumulated laylerTdfis

layer will increase in thickness until thilewn-glaciermass transfer, by deformation within the
layer, equals sediment production bypson. Such a sediment layeiowd protect the bed
throughout thelown-glacierreaches of an overdeepening,dlwoncentrating erosion at its head.

It is postulated that this is why overdeepenings exist, and why their longitudinal profiles are
characteristically asymmetrical, with the deepest point at tipegtacierends(Hooke, 1991)

Alley, et al.(2003) propose that hydraulic erosion (or at least sediment evacuation by water)
also controls overdeepeninigcation and sizeA debris layer protects the bed surface, where
there is insufficient meltwat to evacuate it. However, as meltwater modesnglacier,
hydraulic erosion and/ or aguation of products of glaciateltwater intensifies, removing the
protective debris layer, and focusing glacial evnsias it does so. Allewt al.(2003) suggest

that the supercooling of stgtacial meltwater may then set up a negative (stabilising) feedback
process that limits erosion and bed steepening, thus maintaining the profile of the

overdeepening.

There isuncertainty regarding thequivalencef the processes of initiation and development of

cirques verses those of othgpeés of overdeepenings. Thisbhiscause of the relative difference

-10-
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in scale and locatignand because the origin of cirques ésntestedCirque overdeepenings
occurat the glacier headfior to the avance of a full valley glacier), where ice velocity and
meltwater abundance is thought significé®tigden & John, 1976However, eosion of cirques

at the headfomountain glacierss difficult to explain(Mindrescu & Evans, 2014Tirques are

not investigated further in this study because they represent a different form of overdeepening;
the focus here igpon overdeepenings thatcur at valleyscale, under the influence of controls
associad with mature valley glaciers. Such overdeepenings are not likely to develop very far
up-glacier from the ELA because a glacier caneasily erode bedrock or flush outdis very

far up-glager from the ELA due to low ice velocity ardck of meltwater(Sugden & John,
1976) The processe of overdeepeningnitiation and developmenat valleyscale and the
relationship of such processes with potential controlsglat®orated upon in section 2.7.

Turnbull & Davies (2006) put forward an alternative origifor cirques by rock avalanche

instead ofby glacial erosion Evans(2006) summariseshe conventional view that tational

flow in steep glacierfLewis, 1960)compensates for low ice discharge and velocity, and glacial
quarrying at the base of the headwall is aibdgdvater pressure fluctuatioildooke, 1991)as
discussedby Mindrescu & Evang2014) However,asarguedoy Brown & Ward(1996) whilst

the conventionaland well-entrenched (e.gDavis, 1954;Sugden & John, IR6 ) 6top do
mo d e | of glacier growth may be appropriate f
model may be more applicable to steeply dissected upland terrain experiencing initial glaciation.
Brown & Ward(1996)assert that théop dowrdmodel is where upslope niMaollows develop

into cirques,and small glacierthen hter extend downslope h& dottom u@ model is where

valley floor nival hollows develop into overdeepeningsperiencingmore accumulation and

less abldon than cirques (due to location and formeyen afterthe relative difference in
landformscalehas been accounted fon the dottom u@ (initial glaciation) case, considerable
thicknesses of snow and ice may develop irastrealleys, with glaciers enlarging-wplley as

well as downvalley (Brown & Ward, 1996) until an equilibrium steadgtatevalley glacier is
established This view has implications for how valley enlargement takes place,mayd
overcome some of the difficulties involved in the assumed transition freationi hollow to

valley glacier(Brown & Ward, 1996)

-11-
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2.3 Numerical , theoretical, and empirical research of relevance to the
study of overdeepening

Numerical modelf glacial landscape evolution camodel overdeepening®.g. Oerlemans,
1984; MacGregor, et al., 2009; Egholm, et al., 2013o)ch modelsise mathematical formula
(in the form of computer code) tonsillate the behaviour dte andconsequent landscape
change. In such mot¥e landscape change @&response to erosion by ice atdassociated
physical processes. The greater the numbeelefantphysical processggometimes termed
forcings)included in a model, the more cplax and computationally expensive the model will
become, but the more accurately the madhauldbe able to simulate the real world (provided
that the formula representing a given physical processrigec). Further, nodelswill become
significantly mae complex and computationally expensive as they increase in dimensionality
and scale, but agaishouldproduce a more accurate simulation of the real wasldong as
processes am@ccuratelyrepresented

As with all types of model, numerical models are intended to improve our understanding of
processes within a systeifihey can be used purely to this end or to predict what may happen
within a system in the future, perhaps if certain variables changetqemyestigate climate
change). Numerical modedse often simplificationsf the real world and are not necessarily as
accurate as analytical ondslooke, 2005) Simplifications aremade in order to lower
computational expersand saallow models torun efficiently, or simply because real world
physical paramets are ilkdefined or unknownSome model parameters can be estimated from
what is known in the real world (model calibratiodlodels often vary in the way they
discrdise the real world. For te reasons different models qaoduce different results based
on the saméput, and so comparison of the output from different models is impdrtartder

to optimally interpret (and assess weaknesses in) a given nasdidcussed by HookE005)
Further, t is important thatoutput from numerical models are validated against erogi
observationdHooke, 2005) thus allowingus to see whethex model is representing the real
world effectively. Computer modellingof ice sheet dynamicbegan in the 1970s, witthe
shallow ice approximation (SIA) mod@Hutter, 1983)beingthe most sophisticatefdlom this
early phaselt is laterevolutions of this modela§ wel as other more complex modelsvised
subsequentlythat havesincebeen utilised to examine valley gies in increasing detailWe

now discuss some of tee models, where relevant to the study of overdeepening

Oerlemang1984)is widely acknowledged to have developed the first surface process model to
incorporate glacial erosion, thusnabling the recreation of the ldgial valley scale)
overdeepenings that result from glacial erosion,ibunstratingthe importance of thELA upon

the erosion patterTomkin, 2009) A glacierscale numericamode| developed by Tomkin

-12-
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(2009) employs glacial slidinglependent erosion to qualitatively reproduce glacial
morphdogies for the Southern Alps of New Zealaiithe simulation illustrates how models of
surface processes can produce overdeeperamggaCial valley scaldpcatedat andbelowthe
locationof the longterm ELA), as well as other geomorphic features, that are similar to those
actually observed in the region. The moudebf shallow ice approximatio(SIA) type, which
builds upon earlier workin thé it is fully two-dimensional and employfg'st order forcing on
mountainevolution. These forcings include tectonic uplift, isostasy hillslope and fluvial
processesA climatedependent model of ice dynamics is employed to determine ice coverage
and ice flux(Tomkin, 2009) Output from themodel (figure 7) showsglacial overdeepening,
and subsequent development of theaded fluvial profile for the principal river whiclkater
drains to the west of the basin divide, withhe simuléion. The diversity of glacial landforms
produced by the model indicates that us¢hef model may be extended to cases beybase
discussed witim the pape(with the consequence of potentially reproducing overdeepenings for
other glacial scenarios and locatian$p testthe erosion model more fully, Tomkif2009)
indicates that future workhould compare glacial erosion gieted by the modelith that

observed in the fid.
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Figure 7. Output from the Tomkin (2009)model, showing glacial overdeepening.

Output shows glacial overdeepening, and subsequent development of the gradiavial profile for the
principal river which later drains to the westof the basin divide, within the Southern Alps simulation The
arrows point to the evoluion of the glacially constructed convexity, which migrates upstreanover time. It
takes 40 kyrs for thesmoadh concaveshape associated with steadstate river profiles to develop (Tomkin,
2009) The glacial overdeepening, observed in the modelled profile at 5 kyrs, is eradicated by fluvial erosion

before 10 kyrs.
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At a much larger scale, an isbeet model (GLIMMERhas beenutilised by Jamiesonet al

(2008) to examine the evolution of landscapes undershees over long time sies
(1280x1280 km matrix, over @ 10 years),in hypothetical situations. GLIMMER ia fully

coupled thermemechanical dlimensional ice-sheet model with an SlAbased sliding
component (scaled to yield erosion), which succeeds in generating overdeepenings (at glacial
valley scale, locatedtthe locaion of the longterm ELA). Output from the model suggests that
valley overdeepeningay be influential in stalising the thermal regime of iegheets because

as existing valleys areverdeepened they are more likely to becomeptrenanent locatisof
warmbased ic€Jamieson, et al., 2008)

MacGregor et al. (2009) d e v e | igheroar dd@madd of the evolution of(glacierscale)
valley longitudinal prafes, which considers horizoait stress gradients within the iG@nd thus
allows moreaccurate simulation of ice flow on much smaller length sca@sdput from the
simulation successfully reproduces both cirquegled at the glacier head) and glacial valley
scaleoverdeepeningg¢located belowthe locationof the longterm ELA). MacGregor et al.
(2009) develop arearliermodel(MacGregor, et al., 200y consideringneltwater, quarrying

and sediment transpomroceses as well agsostasy in addition to ice erosion and climate
Further, flillslope and leadwaltspecifc processeareconsideredsuch as added mass balance to
the glaciethead fran blowing or avalanching snqwand associatedjeomorphic processes such

as temporal variability inwater inputs(discussed by Hook€1991) and increased clast
concentration athe bed that could enhance erosiwar the glacier headilacGregor et al.
(2009) assert that a simple erosion model cannot predict the glacial landscape effectively, and
that it is critical toensure that headwalkocessesare considereth currentand futuremodels,

in the light ofprevious(oversimplified modelresults(such as thosom the MacGreggret al.
(2000)study), which have not accurately developed cirque foffhe MacGregor et al.(2009)
modelled simudtions only develogirque overdeepengs under conditions where temperature

is constant. The application of more realistic variable temperature scenarios (péacibé
interglacial cycles that charactegighe late Quaternaryyield no such phenomeng&lacial

valley scaleoverdeepeningdgo form under variable climate scenarios, but they are less well
developed than their counterparts formed under steady temperature conditions.
MacGregor et al.(2009) emphasize thareatment ofsubglacial erosionwithin output of the
modelremainssignificantly oversimplified ignoring important processes such as supercooling
and rotational slidingwithin overdeepeningsMacGregor et al. (2009) state thatcurrent
knowledye of how these processes operate on the spatial scales involsadhimodels is
limited. MacGregor et al.(2009) assert thathte interactiondetweeriongterm glacial erosion,
lithosphericuplift, and climatemay beimportant under more realistic climate variability (than is
presented by the model), and that such interactions will be explored in future modelling work.

MacGregor et al. (2009) also argue that overdeepersrgpservedn the output of the model
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arelikely to be enhanced in nature as a result of initial geological conditiengint spacing,
variable rock hardness) and positive erosional feedbacks, such as enhanced water flow and
variability in water pressure nearevasses across bedrock stggssdiscussed by Hook&991)

Models are not yet sophisticated enough to simulate such feedbacks accurately.

Herman et al.(2011) incorporatesimple subglacial hydrologyinto an ice-caperosion model
The model isotherwise similar to that of Herman & Bray2008) being based upon a
SIA-basedsliding rule, beingf high spatial resolutiontested oven 1¢ to 13 yeartime scale,
with a matrixat thescale of an orogerand incorporatingnountain evolution (tectonic uplift,
isostasy), hillslope and fluvial processd@de resultsof the studyindicate that sulglacial
hydrology is profoundly important to the tempband spatial patterns of sgtacial erosion,
and suggest that the distribution of erosion is bimodal, with a peak BL#heand another peak
at lower altitudes within the ablation arevherewaterdue to meltingabound (Herman, et al.,
2011) The modelproducesglacial valley scaleoverdeepeningssupportingthe empirical

evidence that largeverdeepenings are generated at tleessionalpositions beneath glaciers.

Durst Stuckj et al.(2010) imply thata partial or complete decoupling between-gldrial ice
and meltwater erosiosan occur(Herman, et al.,, 2011)in their theoretical and empirical
investigation (a stratigraphigeomorphologicateconstructiopof subglacial tunnel valleysof

the Alpine foreland, Bern, Switzerland@ hereconstruction is deriveffom empiricalborehole
evidence(Durst Stucki, et al., 2010Purst Stucki et al.(2012) go further, by using aimple
hydrological modelpaired with geomorphological and seismic field observations (for the
Lammschluchtinner gorgeof the northern foothills of the central Alps), apdstulate that a
substantial contributionfdhe subglacial erosiormechanism (as per Hermaet al.(2011) for
observed overdeepenings coblel related to the erosional effect of gylacial meltwater alone,
resultingin the deepening of inner gorges (and the ultimate creation of overdeepenings) by
either continuous meltwater flow aoutburst flood. The concept ofpartial or complete
decoupling between stglacial ice and meltwater erosigould have important implicains as

to how investigatiorof subglacial landforminitiation and developmemhight be approached in
the future. Durst Stuckiet al. (2012) also discuss th@nfluence ofthe underlying lithology
uponthe topography othe valley, outlininghow mechanical contrasts thfe bedrock constrain
ice flow, which in turn has implications for hydraulic potentialhich is associated with

quarrying efficiency) beneath the glacier.
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Other modelling, theoretical, and empiricasearch suggests thatvestigation of glacial
overdeepenings is best focused upon glacial valley netywamkisthat glacial valley confluence
may be significant itheinitiation anddevelopmenbf overdeepeningd he numerical icesheet
model employed byGlassen(1995)examine the effeciof topographyupon ice-sheeterosion,

for a former Scottislice-sheet(late Weichselian)and concludethat zones of intensee-sheet
erosion are concentrated in areas where basaingé#tfound to behighest and where basal
topography favours convergence of flow. Tmgplies that general glacial landscape evolution
(includingthe development dandforms such as overdeepened troughs and scoured bedrock)
governed to a great extent by the exploitation of thegfaeial topography, via a positive
erosionalfeedbackmechansm (Glasser, 1995)a point also highlighted by Swijfet al.(2008)

in their discussion ofhie East Greenlandoverdeepenedfjord system.Within the East
Greenland fjord systemglacial erosion appears to have been confined mainly to the
modification of the praylacial valey system, the pattern of whighdicates that thological
strength is also a potentially important control on fjord morphology and fast ice flow
(Swift, et al., 2005; Stroeven & Swift, 2008)lley, et al.(2003) describe convergent flow as
favouring erosion and transport, accelerating local deepaeriittige glacier bed, and allowing
formation and steepening of tdewn-glacier side of overdeepenindshas been suggested that

a simple decrease in valley widthncfunction as a means for focusing eros{and therefore
creatingoverdeepenings by increasing ice discharge per unit wiqéhg. MacGregor et al.,
2000; Anderson et al.,, 2005, as can the addition dfibutary glacier icein confluences
(e.g. MacGregor et al., 2000;Amundson andverson, 2006)YMacGregor, et al., 2009As
describedoreviously Herman and Brau(2008)employ a numerical iceapmodelto assess the
role of ice erosion upon landscape evolution. The model is tested using a case study of the
Southern Alps of Newealand Outputfrom the modebhowssmallscale topographic steering,
and suggest that ice convergence can causeerdeepeningto occur within valleys
Kessler et al.(2008) use a two dimensioné&e-sheetmodel to simulate the incision of fjords
through a coastal mountain range. They show that topographic steering of ice, and erosion
proportional to ice dischaeg are sufficient to fornfoverdeepened) fjordsvithout the usually
stated requirement dhere being aontrasting thermal regime between valley ameérfluve
(Sugden, 1978) Holtedahl (1967) discusses thgoverdeepeneddepth conditions in #
Hardangerfjord and Sognefjof Norway, and concludes thatich conditions arkargely the
result of changes in glacial erosion, the effect of which varies according to the thickness of the
glaciers,being greatest in the innernmwhere confluence takes place, and teaghe outer

areaswvhere diffuence occurs.
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MacGregor, et al(2000) use a numericahodel of glacial erosion to explore the development
of the longitudinal profiles of glacial valleys including glacial valley scaleoverdeepenings
uncer variable climate condition¥heytest the importance dfibutaries insetting the pattern
of glacial erosion The model focuses omubglacial landform developmentusing a
conservative rule setith minimal feedbacksvhich might otherwiseenhance or focus erosion
(pro-glacial fluvial processes, though important in glacial valley geomorphology, are also
ignored) (MacGrego, et al., 2000) Output fromthe model showshat persistent highelief
overdeepeningsre most commonly generated simulationswhere tributary glaciers are
incorporated into the model (i.e. where ice is focuaedonfluences and that shallower
overdeepenings also occur at the glacier termikledtwater, quarryingandsedimentransport
processegwhich might be important in developingmallscalevalley-floor roughnesse.g. the
crevase-water feedback of Hooke, 1991and positive feedbackgwhich might steepen
headwall¥ are not incorporated into the modMacGregor, et al., 2000 onsequently model
output is rather simple.

Haynes(1968) analyss cirque overdeepenings located in northern Scotlandsagdest that
bedrock structure may influence overdeepergagmetry/ sizeShe matctes observed cirque
longitudinal profiles to logarithmi¢k) curves andlescribeshow apparensimilarities between

the cirque morphometries are commonplace (being a consequertbe géneral effect of
glacial erosive processessociated with ice flow, and beikgmmon to all cirquésbut that
differences between the cirque morphometries are extraordibaityg (clearly related to
variation inunderlying rock structujeHaynes lamentthe fact thatock structure and erosional
processes are not more often considered together, a reality that is still somewhat the case today
at least with regard to the studiy@verdeepenings. Krizelet al.(2012) develop the (k curve)
methodology established by Hayn@968) using field data from the Bohemian Massif (Czech
Rep. borders), focusingpecifically upon analysis of degree of cirque overdeepening, rather
than analysis of overall cirque morphometry. The resulting classification of the analysed
overdeepenings (according tevelue) supports the findings of Hayn€968) that bedrock
structure may influence overdeepengepmetry/ sizeKrizek, et al.(2012) find that dassified
overdeepenings are deemed to correspond well with regional geological divisions, as well as
with regional variations in the intensity and development of mountain glaciation. The
overdeepenings also correspond well with classifications derived from analysis of other

morphometric characteristics for cirques in the region.

-17-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Seguinot(2008) presents results of a numerical model of glacial erosion, based upon flow
modelling using theSIA, combined with a bed separation calculation, and a calculation to
estimate glacial quarrying by suhitical crack growth, in conjunction witlempirical
observations of geology and geomorpholdgy the Erdalen region of western Norwayhe
model output ad empirical observations suggest thamallscale (within valley)
overdeepeningésuch as those within the Erdalen regiang mainly the expression of bedrock
resistance variations and ice flux patternacglacier. Quarrying, as modelled by the study,
mainly contributes tovalley headwall steepening, although it is reported that the quarrying
model could be improved by better modelling \@lley glacier hydraulics, snow and ice
adhesion on steep slopes, and climatic variations. Sedq@id@8) states thathe glacier sliding

law used in the model requires better quantificatjeia water pressure measurements)d
further suggeststhat change in valley widtland the presee of tributary junctions are
important factorsn enhancing glacial erosipwhich should be investigated further
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2.4 The over-simplicity of current numerical models  of glacial
landscape evolution

Numericalmodelsof ice masserosionare currently too simplistic. They are rmprehensive
enough in their inclusion of controls and feedbacks, to allow confidence in model outcomes
regarding the generation (or not) of overdeepenifaw of other glacial landforms)As
discussed in section 2.3,oaternnumericalmodelsof ice masserosionbuild upon the basic
shallow ice approximatio(SIA) type of model. SIA models negldongitudinal ad transverse
stress gradienttamong other parameters) and consequentlytdadapture the full effects of
rugged topography and related feedizabktween erosion by glacial slidirgd the extent and

style of glaciation (Egholm, et al., 2011)Egholm, et al. (2011) present adepthintegrated
ice-sheetmodel(integrated seconarder shallow ice approximation (iISOSIAWhich takes into

a ¢ ¢ o u nhitgherto lr el effécés (from horizontal stress gradients within the)icelated to

steep andugged bed topography whilstill providing the computational efficiency needed for
threedimensional simulations of glaciation and landscape evolution in response to, for example,
long term cimate variationsThe iISOSIA modeldemonstrees the potential complexity and

sophistication of modern numerical modefsce dynamics

Egholm et al.(2012a) compare SIA and iISOSIA model output, afemonstrate how gradients

in horizontal stress play a primary role in scaling the bed shiwass of glaciersThey
demonstra how higher order ice dynamiosluence thefeedback betwen glacialsliding and
erosionin models therebyproviding important stabilization mechanisms that prevent runaway
effects associated with the steepening of longitudinal profiles and the formation of
overdeepeningéEgholm, et al., 2012a)n contrast, SlIAbased models can incise and steepen
the landscapewithout sensing the stabilizing effect of the horizontal stress gradients
(Egholm, et al., 2012aConsequenth\SlIA-basedmodels may develop overdeepenings where
there should be none, or exaggertite magnitude of the phenomenddigher order ice
dynamics aretherefore particularly important for models of longerm glacial landscape
evolution, because theelevanceof the highe order effects generally increagéth time as
erosionaccumulategEgholm, et al., 2012aHowever, he iSOSIA modelling approacbf
Egholm, et al.(2012a) only addressessolated feedbds associated with ice dynamids,
simplified settings(Egholm, et al., 2012aA number ofotherprocesses associated with glacial
erosion,such as meltwater modulatgdarrying(Cohen, et al., 2006}he confluence of glaciers

at tributary junctions(MacGregor, et al., 2000)and the formation of ice crevasses
(Hooke, 1991)areknown to provideotherimportant feedback mechanispwghich leadto the
formation of glacial overéepenings and topographic stefisgholm, et al., 2012a)Such

processeare not included in the Egholm, et @012a)model.
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Egholm, et al.(2012b) build upon the iSOSIA modelling approachof Egholm, et al.
(2011; 20123)to achievea more unifying model (in terms of process and feedback inclusion)
than hasee realisedin other studiesProcessesncorporatedn the modelinclude entglacial

and subglacial meltwaterand sediment transpqriand quarrying(all simulatedwith greater
complexitythan has previously begossiblg, as well as fluvial and hillslopeelated erosion
processeshedrock mass strength chantes effect ofclimate, andectonic uplift Output from

the model showthataddition ofglacial hydrologyto the iISOSIA modelling approaduneates
smallscale (within valley) overdeepenings withinetterminus zoneGenerally, sb-glacial
sediment coveragend limited transportprevent the formation oflarge overdeepenings
although small (cirque) overdeepenings form high in the catchment near glacial valley
headwallsHowever, the modelling of are efficient sib-glacial sedimendeformation leadso

the development of numerous smsthle (within valley) overdeepening@mulating change in
bedrock mass strength is enough to provoke the formation of a glacial valley scale
overdeepening in the termiszone(Egholm, et al., 2012bhich is enlarged significantly by
meltwater modulated quarryingAlthough the Egholm, et al(2012a; 2012b)model
implementations account for higher order effects and utilise amadd topographic scenario,

the processes and feedbacks associated with confluence (and subsequent potential
overdeepening development) are not explofdae modelled scenario issimple trunk valley

with associated minor tributaries (i.e. tributaries that are notpwepiortioned relative ttheir
counterpart tributarywhen potential onfluence with the trunk valley is consideyednd as

such does not include an example of comfice as defined in this investigation (i.e. where
tributaries are well proportioned relative to each other), and as modelled elsewhere
(MacGregor, et al., 2000; Herman & Braun, 2008; Kessler, et al., 2008pr tributaries
commonly develop hanging valley3his is observed consistently ithe model output of
Egholm, et al.(2012a; 2012b)Many processand feedbacksimplifications remain inthe
Egholm, et al(2012b)model,but the flexibility ofinteraction betweerarious components of

the modelallow the comparison of model predictions with observatiohsoverdeepening
morphology(from theoretical and empirical studies) amuchmore systematic levehan has
previously been possibl&gholm, et al., 2012b)'he processes and feedbacks associated with
confluence should be explored in future implementations of this méglication of the
model b further realworld topographic scenarios in the futuray perhapselp identify the

governing processes behiaderdeepening initiation artkvelopment
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2.5 Review summary

As thisreview of recent researctiemonstratest is clear that there ammanypotentialcontrols

which could drive theinitiation anddevelopmenbf overdeepeningsaé well asthat of other

glacial landforms)within the glacial system, thelationshig and feedbacksvithin which are

not fully understood. Table 1 summarises tbegewed models which simulate overdeepenings,

and which controls and feedbacks are included within each model. Reviewed research suggests
that the location and size of overdeepenings icaotrolled solely by glacial processes (bg.

ice velocity andmeltwater abundance), but is altoonglyinfluenced byexternaltopographial

(i.e. confluence and vallejoor perturbation)and geological(i.e. bedrock mass strength)
components. It is cleathat numerical models of ice mass erosion are currently yabt
sophisticated enough (in their inclusion of controls and feedbacks) to generate overdeepenings
with sufficient certainty, and therefore cannot yet be relied upon to accurately explain the
controls upon overdeepenitgcation and sizeand the signifiance of the phenomenon within

the wider glacial system (although this situation does seem to be rapidly improving). The full
coupling of the flow of ice, water and sediment (and other proces#tb&) numerical models

of ice mass erosion is important img regard; as is the inclusion of higher order ice dynamics

in order that a realistic stabilising feedback mechanism (as seen in nature) may be incorporated
into models to prevent (model induced) runaway effects associated with the steepening of
longitudinal profiles and the formation of overdeepenifiggholm, et al., 2012aJ-urther, the

more frequent application of models to realrld topographic scenarios is required, both in
order to make predictions, and to refine moddisis important that a particular type of
overdeepening predicted by a given model is realistic (i.e. situated in the expected location, at
correct size and scale, and with the correct frequency) when compared to a similar type of
overdeepening, observéw nature. If the predicted overdeepening is not plausible then there

may be some problem or oveimplification within the model.

It is apparent that far greater research is required in dodappreciate the significance of
overdeepening@within the glacial system)and to appreciate consequent implicatiforsother

glacial and landscape proces§gsok & Swift, 2012) Outcomes from development and testing

of hypotheses relating to the aforementioned controls will help to explore and resolve the

unknowns, and will help to improve numerical models.
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Numerical

model

(Reference)

Controls& feedbacks includeith model

C T Lloyd

Overdeepeimg simulation

Oerlemans | Ice flow, thermal regimeclimate, isostasy At equilibrium line altitude
(1984) (ELA); at dacial valley scale
Tomkin Velocity based ice flonthermal regime, At and below ELA; at gcial
(2009) climate, mountain evolution (tectonic uplift, | valley scale
isostasy), hillslope processes, fluvial proces
Jamieson, et| Velocity based ice flow, thermal regime, At ELA, at gacial valley scale
al. (2008) climate, isostasy
MacGregor, | Velocity based ice flow, thermal regime, At valley confluences and
et al. (2000) | climate below the ELA; at up to
glacial valley scale
MacGregor, | Velocity based ice flow, thermal regime, At glacier head and belothe
et al. (2009) | climate, isostasy, eglacial and sulglacial ELA, at cirque and glacial
meltwater, sukglacial sediment transport, valley scale
guarrying, hillslope processes, headwall
specific processes
Herman & | Velocity based ice flow, thermal regime, At valley confliences and
Braun climate, mountain evolution (tectonic uplift, | within glacial valleys; at up to
(2008) isostasy), hillslope processes, fluvial proces{ glacial valley scale
Herman, et | Velocity based ice flow, thermal regime, At and below ELA; at acial
al. (2011) climate, mountain evolution (tectonic uplift, | valley scale
isostasy), hillslope processes, fluymbcesses
subglacial meltwater
Kessler, et | Velocity based ice flow, climate, isostasy At valley confluences and
al. (2008) within glacial valleys (fjords);
at up to glacialalley scale
Egholm, et | Velocity based ice flow (inc. accounting for | At glacier head, within glacial
al (2012b) horizontal stress gradients within ice), therm valleys, where there is a
regime, climate, tectonic uplift, hillslope change in bedrock mass
processes, fluvial processes;g@acial and strength, and at glacier
subglacial meltwater, exglacial and sub terminus; at cirque, localised
glacial sediment transport, quarryirggdrock | (within valley) and glacial
mass strength change valley scales

Table 1. Reviewed numerical models which simulate overdeepenings, and the controls and feedbacks included
within each model.
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2.6 Palaeoglaciology

Palaeoglaciologydeals with glaciation cycles of the Quaternary ice agecothbines the
dynamics of present day ice sheets and gladiedsiced from glaciologywith the history of
former ice sheets and glaciededuced from glacial geologgFastook & Hughes, 2013)
Palaeoglaciologgllowsthe reconstruction of ancient ice sheatsl glaciersfor the purpose of
investigating past and contemporary glacial proceS3es spatial angkis of glacial landforms
is essential tsuchreconstructionGlacial landforms are the clues the landscap&om which

the dimensions, geometry, dynamics and history of former ice shadtgylacierscan be
reconstructedGlasser & Bennett, 2004)

Glacial landforms can be caused by either erosional or depositional proddssess limited
literaturediscussinghe processes and landforro$ glacial erosion, especially when compared
to that discussingglacial deposition. This is partly because detailed palaeoenvironmental
information is commonly preserved within depositional lanaifs whicharemore easily dated
both by absolute and relative meahe®we & Walker, 1997) Depositional landform$ave
therefore been widelysed in palaeoglaciology, especially in the glacial inversion models that
have been developed for continerstahle palae@ce sheets(Glasser & Bennett, 2004)
Numerical modelling hagraditionally largely separated ice shéailacier dynamics and
associated atmospherioceanic and climate change dynamics) from the underlying glacial
geology(Fastook & Hughes, 2013y hissimplification may have beeafue to the computational
expense of potentiaalculations and/or perhaps because real world physical parameters
ill-defined or unknownModern studies ar@ow beginningto (re)unify these discipling
(e.g. Fastook & IHghes 2013). However,in part because of this legacy separat@amd(in part
because oh lack of empirical study)glacial erosional landforms have been much less widely
utilised in palaeoglaciology. Consequenthere is a lack of understandiag tohow such
landforms reflecformer glaciologtal parametersAs discused by Glasser & Bennef2004)
reconstructions of former ice dynamics fragtacial erosionalandformsremainrare Such
landformsareas yet onlyconsideredn terms of former glaciological parametetsch as asal
thermd regime (Sugden, 1977)and in reconstructions of the vertical extent ofnier ice
massegDahl, et al., 1996)

Much literature supports the view thtte relationship betweeglacial erosioal processes/
landforms and former ice sheetgéciersis important Givenourlack of understandingf these
relationships, it is clear that further research should be undert@esiemany1984) asserts
that dacial ersion can modifythe bed of arice sheet and therefore altlrgescak ice
dynamics and mass balance, over the timescale of a gtycial Glasser & Bennetf2004)

remarkthat sub-glacial erosionplays a crucial role inrpviding the sediment that underlies
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many of t he Ear t(Baulon, 1996; Alley, et al.e 199haCdask & sPollard,
1998) and commentthat dacial erosion is important in detemitng sediment vyielsl in fluvial
(Warburton & Beecroft, 1993and fjorchl settings(Elverhoi, et al., 1998)in longterm
landscapeevolution (Meigs & Sauber, 2000and in reliefproduction(Whipple, et al., 1999;
Tomkin & Braun, 2002) Glasser& Bennett (2004) further state that landforms of glacial
erosion are used as palamovironmental indicators of glacialimatesin the geological record
(e.g. Ppenceley 2001).

Glacial erosional landformb&averarely beenused in palaeoglaciolodyecause erosional forms
have a higher preservation potential through multiple glacial cycles than depositional landforms
and onsequently developing relative chronologies for suites or assemblages of erosional
landforms is often complefRudberg, 1997)For most erosional landfornmnly approximate
chronologiegnay be identifieqRudberg, 1992; 1994; 199 lassei& Bennett(2004)remark

that theabsolute ages of gtial erosionaldndforms are poorly constrained (due to lack of
dateable material), arttiat he age bspedfic landforms has usually beenferred from their
relationship with other features for which age estimates are avaiRbtent advances in
exposureage dating technigues (e.g. cosmogenic isotope dating) make it possible to obtain
absolute age dstates for bare rock surfacesgtaciated areafBrook, et al., 1996)for dating

erratic boulders (Jackson, et al., 1997)and for estimating gladiaerosion rates
(Davis, et al., 1999)thus providing the means to establish glacial chronologies for erosional

landforms for the purpose of palaeoglaciological stigmtions(Glasser & Bennett, 2004)

Glacial troughs (and the overdeepenirogmtained within) areconsideredto be palimpsest
landforms that havdeveloped ovemanyglaciations(Bronge, 1996)A landscapés said to be
palimpsest where (for example) eékperierwes significant areal scouring asdlective linear
erosion (by warm based iceand/or experiences s@ssive phases of valley glacier, ice cap,
and ice sheetrosion to form a composite erosional landsq&eden & Johnl1976; Sugden,
1978) In such circumstancespmeglacial landformsmay be obliterated or appear very poorly
defined within thelandscapeOften, only the most recent ice Wodirections are recorded by
erosional surface featurgsand so itis conceivable that the processes operating during
deglaciation are those that Ileave the strongest imprint on the landscape
(Glasser & Bennett, 2004mproved dating contrahay improve estimates ofdlage and rates
of glacial processes, and so help provide better interpretation of glacial palimpsssalzes
(Glasser & Bennett, 2004)

This study will focus orthe spatial analysis @laciallandformsformed by erosiongbrocesses,
and will explore the initiation and development of one such landform (overdeepenings) by

controls associated with former glaciethus enhancing understanding of the processes
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involved The study is empiricaltilising GIS and digital elevadh models of topogmhy. The
study does not explore expostarge dataor utilise numerical modellindecause of the scope
of available resourceslowever,research outcomes will help refine numerical models of glacial
erosion and landscape evolution, amdy aid the reconstruction of ancient ice sheets and

glaciers, in future studies

2.7 Development of a typology of overdeepenings

To construct a framework for further investigation of overdeepenings, | develop a typology of
overdeepening according to theront r ol s and uo lBges afoverdeepersings ¢ s .
are initiated and (their size subsequentlyfdevelopedonly by fundamentallyglacial controls.
6ropographica a n d 0 g e aypes gfi owemdeepeningsare initiated and (their size
subsequently developed first and foremogby nonglacial external, controls Potential
hypothesesto be tested in future studieshould examineall such potentialcontrols upon
overdeepenindpcation and sizeSuchcontrols have been consideredther, during he initial

stageof this investigatiorand are discussed in the following sections of this chaptedicted

overdeepening controls and characteristics are summaniSedble2.

2.7.1 Pure (glacial) control s upon overdeepening location and size

The most fundamental control upon tlegation and sizef (pure) overdeepenings is that of
variation in ice velocityAs ice-masserosional potential at ttgdacierscaleis presumed to scale

with ice velocity(Sugden & John, 1976it is expected that overdeepeningdl occur in zones

of a glacierwhere ice velocity is maximised. Forsteadystateglader, this zone should occur
directly beneath th&LA (e.g. Hallet, et al., 1996; Oerlemans, 198trman, et al., 20}1
(figure 8a, 8b). The ELA of a glacieris thepositionat which the accumulating mass of ice or
snow, upglacier, balances the ablating mass that is taken away by melting and calving,
downtglacier. This position on the glacier is therefore the locatiana{imum ice flux (e. the
position of maximum movement ofice mass dowsglacier), where the ice velocity is

consequently greatest (figue) (Sugden & John, 1976)

If ice velocitywerethe primary control upon overdeepenitggation and sizethe phenomenon
would be expected toccur in a clear regional pattern,asingof overdeepenings surrounding
a mountain chaineach located at th&LA for each glacier(Sugden & John, 1976)
Overdeepenings of this type woude of a magnitudecomparable to the scale of the overlying

glacier.
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Figure 8. Schematic profile and plan of pure overdeepening(s), inc. process diagram (ice velocity).
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(a) Schematic profile of a pure overdeepeningdriven by variations in ice velocity. Erosional potential of a

glacier scales with velocity, which is at its greatest beneath the equilibrium line altitude (ELA)

(Sugden & John, 1976) creating a glacierscale oerdeepening. (b) $hematic plan of multiple valleys, each

occupied by a glacier, each containing a glaciecale overdeepening centred about the ELA.

(c) Process diagramfor the production of a pure overdeepening, driven by variations in ice velocity. The

location of maximum ice flux (maximum movement of mass dowglacier) is located at theELA, where the

accumulating mass of ice or snow, uglacier, balances the ablating mass that is taken away byefting and

calving, downglacier (Sugden & John, 1976) This is where the ice velocity is greatest, and so consequently

where the greatest erosional potential is located.
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The otherfundamental control upon tHecation and sizef (pure) overdeepenings is that of
variation in meltwater abundancAs subglacial meltwater plays a critical role in erosion
(Hooke, 1991; Sugden & John, 1976; Herman, et al., 2@l expected that maximum
potential erosion (and therefotiee potential for overdeepenngt glacierscale,will occur in
zones where meltwater is most abundany. Spedding & Evans, 200Nleltwater abundance
increasesdown-glacierfrom the ELA (due to increasing ablation)herefore, fora glacierin
steadystate the zone of maximum erosion (by meltwater) should odown-glacierfrom the
ELA (figure 9a, 9Db).

It is expectd that overdeepenings will formhere meltwater is abundant enough to tieient
at flushing away the debris, generated byglgeier erosion, which would otherwise protect the
bed fom further denudatiogfigure 9c). Thisefficiency will allow direct erosion of the bdu/
meltwater (concentrating erosion at the overdeepdmiagl, some distance -gfacierfrom the
glacier terminus). An abundance ofeltwater will act to further lubricate ice movement

(i.e. increase ice velocitgver the substratéhus furher enhancing erosidalley, et al.,2003)

If meltwater abundanceere the primary control upon overdeepenilogation and sizethe
phenomenon would be expected to occux glear regional pattern, agingof overdeepenings
surrounding amountain chaineach positioneddown-glacier of the ELA for each glacier
Overdeepenindorm would be such that the location of maximum overdeepening deptid

be situated somewhere doglacier of theELA (i.e. where actual ice erosion is greatest)
(Hooke, 1991Alley, et al., 2003) Each overdeepeningf this type wouldbe of a magnitude

that scales with the respectigeerlying glacier
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Figure 9. Schematic profile and plan of pure overdeepening(s), inprocess diagram (meltwater abundance).

(8) Schematic profile of a pure overdeepening driven by variations in meltwater abundance. Erosiah

potential of a glacier scaleswith the availability of basal meltwater (Hooke, 1991; Sugden & John, 1976;

Herman, et al.,, 2011) down-glacier of the ELA, creating a glacierscale overdeepening at this position.

(b) Schematic plan of multiple valleys, each occupied by a glacier, each containing a glaciescale
overdeepening located down-glacier of the ELA. (c) Process diagramfor the production of a pure

overdeepeningdriven by variations in meltwater abundance.The greatest eroginal potential is located where

meltwater is abundant enough to be efficient at flushig away the debris, generated byp-glacier erosion,

which would otherwise protect the bed fom further denudation (Alley, et al., 2003)
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2.7.2 External (topographical and geological) controls upon overdeepening
location and size

Other controls upon thdocation and sizeof overdeepenings areither topographical or
geological. A major topographical contr via valley crosssectional aredgCSA) change
influencing ice velocity within As with any other flowig media, where iceneountersa
decrease ikhannelCSA along its coursée.g. avalley or channel constrictionthere must be a
localised flow accelerationof ice Gspeed up ) for C 0 n t and al cotregpondiega s 0 n
increase irerosion (figurelOa). It can therefore beeasoned thaiotential glacl erosion should

scalenearlyinverselywith valley CSA (figure 10b).

Valley confluences are possibly the most easily identifiable exemplar of zliéydecrease
within landscapeffigure 10c). Within glacial valley confluence#t,can be reasoned thgiiacial
erosion works to balance the sum of tributary channel GSwith trunk channel CSA
(i.e. confluencallometry maynaturally reach an equilibriusteadystatein whichice speed up

will no longer occui). However, from visual analysis of Hdscapes | suggest thahlley
confluences seldom reachdtstate over glacial timescales (most probably because the process
is seltlimiting). As a resultaneffective decrease in chanr@EA is typically observedhrough
glacial valley confluenceas tributaries merge inthetrunk It is thereforeexpectedhat valley
confluenceswill be areas oflocalised ice speed upnd maximum local glacial erosion
(Glasse, 1995; Kessler, et al., 200&)nd thaioverdeepenings will develgs a consequence of
this (Alley, et al., 2003; Herman & Braun, 2008; Kessler, et al., 2008; Holtedahl, 1967;
MacGregor et al., 2000) The effective decrease in channel C&8#served through most valley
confluencess thought to ba first order control upon ice velocigpeed upvithin glacialvalley
confluencs. Additionally however,it can be reasoned thate flow will becomeless impeded

by bed and lateral drag.€. frictional force$, where tributarychannels mergeavithin a
confluencebecauseace will have less contact area with valléyor andsides(i.e. ice will have

a decreased wetted perimeteifhin the trunk channelSuch decrease in frictional forces is
thought to be a second order control upon ice velosfiged upwithin glacial valley

confluences.

If glacial valley CSA changewerethe primary control upon overdeefem location and size
the phenomenon would be identified in strong association auittiluence Such associations
would typically be localised in scale, relative to the migde of the overlyingglacier
Overdeepening of this typewould be of amagnitudethat scales withthe respectivesalley

confluence with whicheachis associated
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Figure 10. Schematic plans of topographical overdeepenings, inc. process diagram (valley CSA change).

(a) Schematic plan of a valley channel constriction. It can be reasoned that he narrower part of the valley
(smaller crosssectional area(CSA)) will experiencefaster glacier iceflow (and hence more erosion), than the
wider part of the valley, thus producing an overdeepening. (bProcess diagranfor the production of a simple
topographical overdeepening(i.e. within a valley channel constriction), driven bychange in glacial valleyCSA.
Where ice encounters adecrease in channelCSA along its course there must be a localised increase in ice
velocity, and a corresponing increase in erosion. Thereforet is predicted that potential glacial erosion will
scalenearly inversely with valley CSA. Maximum ice velocity will occur up-glacier of the location of minimum
CSA within the valley channel constriction, forflow continuity reasons(i.e. localised flow acceleration (oice
Gpeedud ) mu st -gladec af the effqetive channel constriction) The speculated position of maximum
ice velocityis supported by empirical observationsfor glacial valley confluencegwhich are possibly the most
easily identifiable exemplar of valley CSA decrease within landscapesThe empirical observationssuggest
that a zone of ice velocity increase occunsp-glacier of the location of minimum CSA, within confluences, at
the junction of glacial tributary lateral moraines, where they join to form a medial moraine
(Gudmundsson, et al., 1997)(c) Schematic plan of a valley confluence.Valley confluences demonstrate an
effective decrease in channeCSA (see text) It is therefore expected that valley cofluences will be areas of
localised ice velocity speed up anthaximum local glacial erosion(Glasser, 1995; Kessler, et al., 2008As a
consequence, it iexpectedthat overdeepenings willoccur within confluences(Alley, et al., 2003; Herman &
Braun, 2008; Kessler, et al., 2008; Holtedahl, 1967; MacGregor, et al., 2000)

-30-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

It is expected thathis type of overdeepening wouldbe positioned about the location of
minimum CSA within a valley confluence. Empirical observations suggest that a zone of ice
velocity increase occurs within glacial valley confluenasthe junction ofglacial tributary

lateral m@aines, where they join tiorm a medial moraingGudmundsson, et al., 1997he

form of this type of overdeepening is therefore expected tosumh that maximum
overdeepening depth would be situateunediately dowrglacier d this position within the

valley confluence (i.e. where ice erosion is greatest). This form is also anticipated, because it
can be reasoned that pefidw accelerationdgr i ce O0speed -glaciernoftheoul d
location ofminimum CSA within the vitey confluencefor flow continuity reasons.

Another topographical control upon thecation and sizeof overdeepenings is via abrupt
change in glacial valley longitudinal profile (i.e. validgor perturbations such as steps or
hanging valleys) causingce crevassing andconsequent localised swgibacial focusing of
meltwater As it canbe reasonedhat particularly competer{strong) bedrock will be able to
withstand glacial e@osion, it can be supposed that valfeyor perturbations within the
competent bedrocknay survive a glacial episode. Where this is the case, it is erptae
valley-floor perturbations will concentrate subsequent glacial erosion, producing

overdeepemigs (e.g. Bakker, 1965)

It is expected that a valldoor perturbation (created by prior tectonic/fluvial activity, and/or by
glacial processes active during an earlier glacial perddtccentuateglacial erosion(Hooke,

199]). Ice aevassing(brittle deformation)will occur wheresubglacial topography steepens
sufficiently (i.e. at the valleyfloor perturbation)that the ice cannoelastically deform
adequatelyto accommodate the change in bed slope gradient. Thisoails meltwater at the

bed (.e. the crevasseiill provide a conduit for surfaceaters; figurella) and result in a
positive feedback ice erosion mechanism (i.e. slope gradient/ crevasse/ meltwater/ ice velocity)
as an overdeepening develdp®oke, 1991; Alley, et al., 2008figure 11b).

If abrupt change in glacial valley longitudinal profile were the primary control upon
overdeepeningpcation and sizeoverdeepenings would be identifiedsimong associatiowith
valley-floor perturbations. &h associationsvould be localised in scale, relative to the
magnitude of the overlying glacier. An overdeepening of this type would be of a size
comparable to the scale of the vallgor perturbation with which it was assated. It is
expected thathis type of overdeepening woul® positioned immediatelgownglacier from

the valleyfloor perturbation(Hooke, 1991; Alley, et al., 2003)
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Figure 11. Schematic plan of topographical overdeepenings, inc. process diagram (vaHiggor perturbations).

(a) Schematic profile of a series of valley stepéi.e. valley-floor perturbation s). It is expected thateachvalley
step will concentrateglacial meltwater, thus increasingglacial erosionand producing an overdeepeningwithin
each step(Hooke, 1991) (b). Process diagramfor the production of topographical (valley-floor perturbation
type) overdeepeningsdriven by abrupt change in glacial valley longitudinal profile Meltwater abundance will
increase where ice crevassing focuses meltwater into a step (also increasing ice velocity in the process),

increasing glacial erosion wthin each step and producingoverdeepeaings (Hooke, 1991; Alley, et al., 2003)
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Geological control uponoverdeepeningsay occur where theris a change in bedrock mass
strength As it can be reasonetthat zones of less competent (wedkeedrockwill be more
easily erodal by a glacierthan zones of bedck that are more competerit is expected that
overdeepenings wilbe more common within less competent lithologieSmilarly, it is
expected thatzones of struuctural weakness (i.e. a fault oresin zone), withinotherwise
homogenou$edrock units, will erode more easily than similar lithologigsch lacka zone of
structural weaknessand that again, overdeepenings wilbe morelikely to occur within
structurallyweakened zorsgMacGregor, et al., 2009; Haynes, 1968; Seguinot, 2008)

Glacial processe(i.e. those of quarrying arabrasion) will be more effective at eroding within
structural fault zones and/or lithological zones of weak reesgth where bedrock is blockier
(i.e. where bedrock is jointed, loosened and&wited or sheared; figurgé2a) (Hallet, 1996)
Within structural fault zones and/or lithological zones of weak mass strehgtlguarrying
process will exploit theveaknesgby fast glacier sliding, low basal pressures, and the focusing
of meltwater(Hallet, 1996; Hooke, 1991(figure 12b). This will result in increased glacial
erosion within weak zones (ative to that experienced withinore competent lithologies), and
subsequent development of overdeepeniiegg. Preusser, et al., 2010¥ithin such weaker
zonesit can be reasoned thidite quarrying process will provide a greater quantity of entrained
basal ice debris within the glacier sole, than is the case within morpetemh lithologies,
creating apositive feedback which will contribute further towards bedrock erosionhy.e.

providing the tools necessary fiocreased abrasion).

If change in bdrock mass strengtherethe primary control upon overdeepeniogation and
size it is expected that overdeepeninguld be identifiedn strong associatiowith structural
fault zones and/or lithological zones of weak mass strefmghes classified agneous,
metamorphic, sedimentary and structural, in broadly decreasing order of compegeruty)
associations may occur on a variety of scales @verdeepenings of varying sizeay be
observedat up toglacial valleyscalg, depending upon the rella size of the weak rock zone
and theice mass Overdeepening formwould be such that the locatiorof maximum
overdeepening deptlvould be situatedat the local position omaximum icevelocity &
meltwater abundance (i.e. quarryingyhere ice erosion igreatest,within these zones
(Hallet, 1996; Hooke, 1991)
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Figure 12. Schematic plan of geological overdeepenings, inc. process diagram (bedrock mass strength change).

(a). Schematic profile of various lithologies and a structural fault zone, denoting change in bedrock mass
strength. It is expected that structural fault zones and/or lithological zones of weak mass strength will
concentrate glacial meltwater and increase ice \aity (i.e. quarrying), thus increasing glacial erosion and
producing overdeepeninggdMacGregor, et al., 2009; Haynes, 1968; Seguinot, 2008p). Process diagranfor
the production of geological overdeepenigs, driven by change in rock mass strength. Bcrease in bedrock
competency will acentuate glacial erosion. Wiere bedrock is jointed, loosened andf faulted or sheared, te
quarrying processwill exploit the increasingly blocky bedrock (by fast glacier $tling, low basal pressures, and
the focusing of meltwater (Hallet, 1996; Hooke, 1991) increasing glacial erosion and producing
overdeepenings.
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Control Location of Location of Predicted spatial Scale of
overdeepening maximum patternof overdeepening
overdeepening overdeepenings
depth
1.Pure-ice At equilibrium | BeneattELA Regional pattern abou At glacial
velocity line altitude mountain chain valley scale
(ELA)

2. Pure- Down-glacier of | Towardsglacier | Regional pattern abou At glacial
meltwater ELA terminus mountain chain valley scale
abundance
3. Within glacial Up-glacier of No regionalpattern. Within valley,
Topographical - | confluence, at | location of Local associations mainly
valley cross location of minimum valley | between confluences | localised
sectional area minimum valley | CSA and overdeepenings

change(CSA), CSA
influencing ice

velocity

4, Immediately Immediately No regionalpattern. Within valley,
Topographical - | downglacier of | down-glacier of | Local associations localsed
abrupt change | valley-floor headwall of betweervalley-floor

in glacial valley | perturbation valley-floor perturbationand

longitudinal (e.g. step) perturbation (e.g. | overdeepenings

profile, step)

influencing

meltwater

abundance

5. Geological- Within weak At local position | No regional pattern. | Within valley,
bedrock mass lithology or of maximum Local assoc¢ations locaised upto
strength change, | structural fault | quarrying between weak glacialvalley
influencing ice zone lithologies/ structural | scale
velocity and fault zonesand

meltwater overdeepenings

abundance

Table 2. Predicted overdeepening controls and characteristi¢svhich could beexaminedin future studies.

2.7.3 Interaction of controls

It is reasonable to expect thatrp (.e. fundamentally glacial) controlapon overdeepening
location and sizevill createsimple (regional, icecap scale)patterrs of overdeepeningswith
each overdeepening occurring at glacial valley s(sdesection 2.2.1figures 8 and 9. Other
(i.e. external) controls are expected to creadditional complexity to thespatterns;with
overdeepeningsnost commonlyoccurringat much more localisedscales (see section 2.2.2,
figures 1012). Whilst at glacial valley scaleit is likely that ice velocity and meltwater
abundancewill control overdeepgng location and sizefrom visual analysis of landscapds
suggestthat at more localised scales topographicalfeatures (such as valley conflueaand

valley-floor perturbation are significantexternal controk upon ice velocity and meltwater
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abundanceconsequenthsimilarly controlling overdeep@ng location and sizelt is therefore
important that suchopographicalfeatures arenvestigated furtherin the same wayit is
visually apparenfrom analysis of landscapéisat, ata variety ofscales, geology (i.ebedrock
lithology and/or geological structures a significant externalcontrol uponerodibility, again

potentiallycontrolling overdeep@ng location and size
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Figure 13. Schematic plan of severaValley glaciers, summarising the various potentialtypes of overdeepening.
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Each predicted type of overdeepenifas detailedpreviously, is preented schematically in
figure 13. The pure,ice velocity control is considered to berimarily responsible for initial
cirque formation andsubsequentdevelopment of aroverdeepeningat the ELA, which is
predicted tooccurasa valley glacier develop(Sugden & Johnl1976; Oerlemans, 1984l is
reasonable t@upposethat controls upon overdeepenigcation and sizenay compound or
simplify to produce not only the various types of overdeepening exprpes@dusly,but also
significant variation in thgeneralmorphology of the glacily eroded landscape, at a variety of
scales.

2.7.4 Developing testable hypotheses to examine controls upon overdeepening
location and size

Given the generalisations and ideas about overdeepening locations and cqnmtesisusly
described in thighapter | now explore the extent to which some testable hypotheses could be
developed with regard to controlgpon owerdeepeninglocation and size(summarisedin
Table3).

It will be quite difficult to tesfor pure contols (i.e. ice veloity and meltwater abundanagon
overdeepenindocation and sizeA predicted positive outcomef testingwould be that a
regional ice-cap scalespatial pattern of overdeepenings should be obsarvétte landscape

(i.e. a ring of ovatteepeningshouldsuround a mountain chaiejther at the former estimated
steadystateELA or nearthe terminus) This pattern should be easy to observe if it is present,
using digital elevation models (DEMs). Howevigentifying the former equilibriunline and
terminus position for @y given glacieris problematic, especially given the fact that glacial
erosion is slow in relation to the speed of ice dynamics and climate chamgmaRy past
ice-sheets/ glaciers @an be presumed thtltereis a position of the former equilibrium linend
glacier terminusthat has been more stable than other positions. Such positions can be
determined usingadioisotope analyses of glacial morain@abel, et al., 2006)Jnfortunately,
dataon glacial extents is almost always very limited in coversigfeere radieisotope data are

not available alternative methodology is needecheTupvalley limit of lateral moraines can

offer an estimate ofteadystatepalaeeELA for a former glaciersince no lateral moraines form

in the accumulation are@Porter, 2001) However, although dteral moraine features are
sometimes visually identifiabi@ DEMs (by the use of &IS surface curvature algorithpthey

are subtle landforms which are often difficult to detect, and which can be easily erased by
postglacial geomorphological process&milarly, thedown-valley limit of terminal moraines

can offeran estimate ofteadystatepalaesterminusposition for a former glacierusing the

same method, but problems similarly remain in terms of moraine identific&oomhilst it
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Location of Predicted spatia Scale of Method of Method
over patternof over testing viability
deepening overdeepenings deepening
1. Pure-ice At Regional pattern At glacial | Overdeepening | Moderate
velocity equilibrium | about mountain | valley locations (availability
line altitude | chain scale evaluated and coverage
(ELA) against of data
equilibrium line | restricted)
position (using
radicisotope
data and DEMS)
2. Pure- Down- Regional pattern At glacial | Overdeepening | Moderate
meltwater glacier of about mountain | valley locations (availability
abundance ELA chain scale evaluated and coverage
againsterminus | of data
position(using | restricted)
radicisotope
data and DEMS)
3. Within No regional Within Overdeepening | Excellent
Topographical | glacial pattern.Local valley, locations
- valley cross | confluence, | associations mainly evaluated
sectional area | at location of | between localised | against
change (CSA), | minimum confluences and confluence
influencing ice | valley CSA | overdeepenings location (using
velocity DEMS). Valley
cross sectional
area change
measured.
4, Immediately | No regional Within Overdeepening | Quite poor
Topographical | downglacier | pattern.Local valley, locations (only viable
- abrupt of valley- associations locaised | evaluated where
change in floor betweervalley- against valley | testablesee
glacial valley perturbation | floor floor texy)
longitudinal (e.g. step) perturbations perturbation
profile, and locations (using
influencing overdeepenings DEMS)
meltwater
abundance
5. Geological- | Within weak | No regional Within Overdeepening | Moderate
bedrock mass | lithology or | pattern.Local valley, locations (availability
strength structural assogations localsed; | evaluated and coverage
change, fault zone between weak | upto against of data
influencing ice lithologies/ glacial lithological/ restricted)
velocity and structural fault | valley structural zones
meltwater zonesand scale (using
abundance overdeepenings geobgical data
and DEMS)

Table 3. Methods with which potential hypotheses of controls upon overdeepeningcation and sizecould be

tested in future studies.
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seems reasonable that pure (ice velocity and meltwater) overdeepenings could occur in well
defined regional patterng, is probably quite difficult to compare predicted verses observed
overdeepening locations, because to make these predictions we wedlichueh better control

on changes in ice mass extent through time.

It is quite easy to testhe influence ofglacial valley confluence CSAchange upon
overdeepenindocation and sizeLocalsed associationgi.e. at less than glacial valley scale)
shouldbe apparent between overdeepeniagd \alley confllencesobserved in the landscape
(identified fromvisual inspection of DEM (elevation values), and hyse of DEM slope maps
and DEM contours). Glacial valley confluencean be deemed tmfluence overdeepning
location if confluence and overdeepeningee spatially coincident to aignificantly greater
degree thathatpredictedoy random changaevithin a givenstudy regionIn order tchave some
confidence irthe causality othis influence confluencetributary and trunk vallefCZSAs can be
calculated using GIS and spreadsheet softviris allows comparison ae velocity speed up
(expressed as a ratio valudpr groupings of confluences containing and not containing
overdeepeningd he influence otonfluence CSA change upon overdeepesiagcan then be
examined byconsideration othe relationship between confluence ice velocity speed up and

overdeepening metri¢e.g. overdeepening depth, area,.etc)

It will be difficult to examine the influencef abrupt change in valley longitudinal profilgon
overdeepeningocation and sizeFor a positive outcome, testing should revéadalised
associations (i.e. at less than glacial valley sch&jveen overdeepeningsd valley-floor
perturbationobseved in the landscap@entified fromvisual inspection oDEMs, and byuse
of DEM slope mapsind DEMcontours), which should be spatially coincident sigaificantly
greater degree than that predictedrandom changavithin a givenstudy region Whilst it is
reasonable to expect théuis type of overdeepeningwill occurin nature it is difficult to test
becausethe preexisting topography is rarely know(i.e. a straight forward analysis of
valley-floor perturbationand overdeepeningp-locaion cannotcontribute towardestablising
the causality of any relationship that is foundl may be possible ttestthis controlfully, for
valleys whereexamples of overdeepeneaalley-floor perturbationsoccur, but only where
neighbouring valleysilso havethe same lithology(perhaps, similarly, containingalley-floor
perturbation and where the neighbouring vallesisow no evidence of previous glaciation
These neighbouring valleysfectively represent the pigdacial topography of the valleynder
test Such a methodologwill provide evidence to support or oppase causality ofany
valley-floor perturbatioroverdeepeningco-location relationshipthat is found although the
sample size (of testablalley-floor perturbationsmay be small nless a very large study area

can beanalysed.
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It is quite difficult to testthe influence ofbedrockmass strengtishangeupon overdeepening
location and sizeTesting should reveakgional to local (i.e. iceap to significantly less than
glacial valley) scale associatioris®etween overdeepenings observed in ldnedscapeand
lithologies/ structural zones observed as being of relatively weak bedrock mass strength
(identified using digital geological mags Bedrockmass strengtlcan be deemed to influence
overdeepening location if specific bedrock typesiictural zones and overdeepenings are
spatially coincident to aigrificantly greater degree than that predicteg random chance
within a givenstudy region However, tohave some certainty regarditige causality ofany
co-locationrelationships found between degical zones and overdeepeningad to determine

the further influence of geological zones upmrerdeepeningize additional data concerning
bedrock erosion (quarrying) rate for relevant study regionsedgired. Availability and
coverage of such data isadequate and extensivefield and/or lab work may therefore be
required in order to pursueesting Availability and coverage ofeological mapdgs also a
significant difficulty inthe investigation of this controbhould the necessary data be obtained,
the causality ofrelationships found between geological zones and overdeeperangde
assessed bgomparison otbedrock quarrying ratdor groupings ofoverdeepeningsituated
within and outwith each geological zonfor which a cclocation relationshipwith
overdeepeningis indicated The influence of bedrock mass strength upon overdeepsizag
cansubsequentlype examined by consideration of the relationship between bedrock quarrying

rate andbverdeepening metrics within eaeievantgeological zone

After consideration of the potential controls upon overde#ygglocation and sizeit is clear
that certain hypothesesill be more viable to test than others, within the context and scope of
this investigation. This conclusion has been reached due to the ecaypbf certain
methodologies anthe lack of availabilityof necessary data in some cagesiypothesis to test
the influence ofconfluencevalley CSA changeis quite easy to tesh the first instanceA
simplified hypothesis to test the influenceldrock mass strengtihangds alsotestable Such
a hypothesisan provide useful outcomesgarding control upon overdeepeniiogation and
sizewhenamendedo examinehe influence of bedrock mass strengtionice velocity speed
up (alone) within glacial valley confluencé.e. as a zone of influencwithin geological zones
(rather than vihin whole geological zongsvithin the study regionSimplification of thetestis
necessary due to lack of data concerning quarrying aatk alsadue to the fact thavailable
ice velocity speed ugata arerery location specific (i.ewithin confluences) It is reasonable to
considerthe influence of bedrock mass strengfion ice velocity aloneasice velocity las the
potential toenhanceerosionindependently, irrespective of the involvementottier processes
(such as meltwater erosion aqdarrying) and the feedbacks between th€he consideration
of ice velocity speed umlone is convenient, as it is possible werive this data from

confluences investigated in the confluenattey CSA change hypothesiSomprehensively
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Figure 14. Schematic plan of topographical/geological overdeepening, inc. prosediagram (change in valley
CSA & bedrock mass strength, simplified).

(a) Schematic plan of a valley confluence,occuring acrossseveral lithologies of different bedrock mass
strength (the weakestis either a lithology, or a structural fault zone). The narrower part of the valley
confluence {.e. the trunk, smaller CSA) will experience faster glacier ice flow (and hence more erosion), than
the wider part of the valley confluence (i.e. the sum of the tributaries, larger CSA
(Glasser, 1995; Kessler, et al., 2008hus producing an overdeepening(Alley, et al., 2003; Herman & Braun,
2008; Kessler, et al., 2008; Holtedahl, 1967; MacGregor, et al., 2000) is expected that structural and/or
lithological zones of weak mass strength will further increase ice velocijtyhus further increasing glacial
erosion (Hallet, 1996; Hooke, 1991)and producing (or modifying the sizeof) an overdeepening(MacGregor,

et al.,, 2009; Haynes, 1968; Seguinot, 2008p) Process diagram for the production ofan overdeepening
controlled by change inboth confluence valley CSA and bedrock mass strengthVhere ice encounters a valley
confluence (i.e. a effectivedecrease inCSA) along its course there must be a localisédcrease in ice velocity,
and a corresponding increase in erosiofiGlasser, 1995; Kessler, et al., 2008Therefore it is predicted that
potential glacial erosion will scalenearly inversely with valley CSA, resulting in the production of an
overdeepening Maximum ice velocity will occur up-glacier of the location of minimum CSA within the valley
confluence, for flow continuity reasons(seefigure 10 and related text) Additionally, it is predicted that a
decrease in bdrock competency will accentuate glacial erosion by increaseite velocity within a confluence.
Glacial processes will be more effective at eroding within structural and/or lithological zones of weak mass
strength, because bedrock is blockier (i.e. bedrodk jointed, loosened and/or faulted or sheared). Within weak
zones the quarrying process (of which ice velocity is one component) is likely to exploit the increasingly blocky
bedrock (by fast glacier sliding, low basal pressures, and the focusing of meéter), increasing glacial erosion

(Hallet, 1996; Hooke, 1991and producing (or modifying the sizeof) an overdeepening
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positive outcomes to such tests, for a particular geological zone, will strongly suggest that
bedrock mass strength is a control upon overdeepening location and size within the whole of the
geological zone in question (rather than simply within confluences). This may then be

investigated further in future studies.

The simplified test to examinthe influence of bedrock mass strength upeerrdeepening
location and size within confluencetiould initially revealup to regionalscale associations
betweenconfluenceobserved in thetudy regionpverdeepenings observed in the study region,

ard lithologies/ structural zonegidentified using digital geological maps). Bedrookass
strengthmay influence overdeepening location if specific bedrock types/ structural zones and
overdeepenings ampatially coincident to gigrificantly greater degree thahdt predicted by
random chancgewithin a givenstudy region Subsequently, the test focuses upon the localised
associations (i.e. aip to glacial valley scale) between geological zones and overdeepenings
specifically withinconfluences (figuré4a). Thisis in order that the causality of any-lozation
relationships found between geological zones and overdeepenings can be assessed by
comparison of ice velocity speed up, for groupings of confluewitesoverdeepenings, within

and outwith each geologicaloze for whiti a celocation relationshipis indicated. The
influence of bedrock mass strength upon overdeepesimegan subsequently be examined by
consideration of the relationship between ice velocity speed up and overdeepening metrics
within each releant geological zone. The process diagram for the production of an
overdeepening controlled by both confluence valley CSA change and bedrock mass strength

change is shown in figurib.

2.8 The Study Region: Labrador

The geographical arghat has been selied to beinvestigated in this study ithe Labrador
province ofCanadaand some surrounding topography and bathymetrg.precise boundaries

of the study region are defined latdsecauseproper definition of the study region can only
happen once theextent of confluence occurrence is knowsee section 4.5.1.1 The
geographical arehas ben selected in the light of its history oftensive glaciation during the
Quaternaryand because of the vad geology of the regiomyhich has much structural fiing

owing to its location and antiquity. Another important reason for selection of this study region is

because of DEM/ dataset availabilityith particular regard to geological data

The study regiorffigure 15 is loosely defined by the edge of thentinental shelf whin the
bathymetry to the east. The northern limit is defined by thghest surveyed latituder the
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topographic data use®® north). The western and southern limise suchso as to allow a
generous perimeter around the politibakder of the Labrador province, within neighbouring
Quebec and Ungava Bayrhis definition of the study region facilitates the analysis of
overdeepenings whichre likely toform part of the fjords into the Labrador Sea (to the east) or
Ungava Bay (to th west), or which magccur on the western side of therngat Mountains

(and/orstraddle the border between Labrador and Quptimences.

Figure 15. The study reon (Lbrador, Canada and surrounding region).

SRTM3 land topography data (Il coord 52.0, -67.8 DD) are shown in ESRI ArcGIS 'elevation' colour scale.
Scale ranges from sea level (turquoise) to ~1600 m a.s.| (white). GEBCO bathymetry data are shown in

greyscale. Scale ranges from sea level (white/grey) te}700 m depth (black).

Much of Lalvador has evidence for at least two phases of ice movement within the Quaternary.
These are probably related to shifting Late Wisconsinan dispersal cé®attsrson, 1990)
During the Late Wisconsin (the last glacial peritw) Laurentide Ice Sheet reached maximum
extent (in the study region) 15.5 cal. ka @Rchietti, et al., 2011)when it advanced to occupy

the continental shelf region offshore of the east coast of Labrador, in the LabradboBaals

the Labradorian east coast, ice movement was topographically controlled during the late glacial
stageqBatterson, 1990)There is strong evidence forsedlowing valley glaciers postating
northeasflowing ice onsurrounding highland@atterson, 1990; Batterson & Liverman, 2011,
Winsborrow, et al., 2004)
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Bedrock within the study region is part of the ancient Canadian Shield (Laurentian Craton). The
Torngat mountairrange (the main orogenic belt within the region) was formed during the
Torngat Orogeny over 1.7 Ga agstOnge, et al., 2009)and has since been extensively
denudated, including by numerous (ice sheet scale) glacidtmahietti, et al., 2011; Staiger,

et al., 2005) The region has complex (mostlyngpus and metamorphic) geologyith
significant structural faultingDavenport, et al., 1999; Wardle, ¢t 4997)due to the extensive

and complicated geological history of the reg{@+Onge, et al., 2009)n the northern part,
structural faulting is largely eastest, and nortlwest to soutkeast trending within the Togat
orogenic belt (the northern mountains), and proximal to the North Atlantic (Nain) Craton (to the
east) and the Soutmastern Churchill Province (to the wegW/ardle, et al., 1997)Here,
structural faulting is mainly theesult of continental collision and crustal amalgamation between
a northeastern composite continent (consisting of the North American Craton and Torngat
orogenic belt) and the soutiestern (North American) Superior Craton (2.3 to 1.8 Ga ago)
(StOnge, et al., 2009)sutured by a southwards projecting promontory of the Archaean Rae
Province (i.e. the Soutbastern Churchill ProvincéWardle & Van Kranendonk, 1996 the
southern part of the aly region, structural faulting is largely nontfest to soutkeast, with

some soutiwest to nortkeast trendingdWardle, et al., 1997vithin the (younger) Grenville
Province. Here, structural faulting is mainly the result w€ro800 Ma of diverse tectonic
activity at the margin of preabradorian Laurentia (i.e. cratonic compression and
amalgamation, basin extension, arc accretion, and plutonism) before crustal stability was
achieved (1.4..0 Ga agojGower, 1996)
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3 Research Design

This chaptersummarises theesearchproblem anddiscusses the research desighe aims
hypotheses,and anticipated outcomesf the investigationare stated The overarching
methodblogy that is usedto investigate the hypothesds summarised, anthe objectivesof

the studyare defined.

As aconsequencef the lack of systematic study of glacial overdeepeniiides not yet been
possible to establish whethélifferent types of overdeepening existsay atcharacteristic
positiors beneath a glacier, each atlzaracteristic scaleand each produced by different
primary conrol. Nor has it been possibte investigate specific typesf the phenomenom
order to improve our understanding regardihg processes of overdeepeningiation and
developmentThis researctaims to contribute towards closing this gap in current kadge.

In this empiricalinvestigation we use GIS tools and various digital elevation models (DEMSs)
and dataset® systematicallystudy several hundred glacial overdeepenprggimal td within

the Labrador province ofCanada(figure 15; example overdeepening from the region,
figure 19. The GIS tools used are ArcGIS and Microsoft Excel computer softwareDEks

and datasets arBRTM3 (ESRI sourcedjopography datdESRI Inc./ US NASA, 2006)
GEBCO topography and bathymetry dg@EBCO, 20093) a digital geological map of
Labrador(Wardle, et al., 1997 BEDMAP (British Antarctic Survey (BAS), 200@nd NSIDC

(US National Snow & Ice Data Center (NSIDC), 20@f)ographydata. Other datasets are also

utilised. Datasetand their applicatioare described in full in section 4.1

In addition to developing a method for deriving basic metrics of overdeeperiagsain aim
of the investigations to exploit inferred ice velocity changes within glacial valley confluences
to gaininsight intocontrolsupon overegepenindocation and sizeThe investigation will focus

specificallyuponthe influence af

1. Glacial valley crosssectional aregCSA) changewithin confluencega topographical

control)

2. Bedrock mass strength changighin confluences (a geological control)

Suchaims will improve our understanding tiie overdeepening processaswork. A further

outcome from the investigation will ibe provision ofsystematic datéi.e. a series of maps)

pertaining tatopographicablepressions within the limits of the Last Glacial Maximum (LGM),
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emphasising localities of likely glacial overdeepenifgich data may be useful in future
investigationf overdeepeningandmightalso be applied in the testingmfimericalmodels of

glacial erosiorand landscape evolution

Figure 16. The north-east coast of the Labrador provinceof Canada.

An overdeepened fjord(centre) can be seen, as well as oliting islands (image: StefanPlazier).

In order to fulfil the main aim of the investigation, the followlngpotheseare explored

1. Overdeepenings will be preferentially locatsdylacial valley confluence, because this
is where ice velocity speed (gue tochange in valleYCSA should occu

2. Overdeepening siz&ill be larger inconfluencesvhere there is greateice velocity
speed upgdue tochange in valleyCSA, because this is wheliee erosionshouldbe

greatest

3. Overdeepenings will more frequently occur in confluences with welagé@drock
becauseof the greater potential for erosion and removal of mate(dale tochange in
bedrockmass strength)

4. Overdeepening size will be larger in conflaea with weaker bedrockecauseof the

greater potential for erosion and removal of matefidlie tochange in bedrock mass

strength)
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In order toadvanceprocesaunderstandingn this studya GIS basednethodologyis developed

to identify and defineconfluences and overdeepenings. An assessment is then méue of
strength of the ctocation relationship betweeconfluence and overdeepeningsithin the
Labrador study region. This is in order to establish whether further investigattiche
relationdip is warranted. Confluence valley cressctional area (CSA) is measured. This
allows the firstand secondhypotheses to be addresseBlbsequently, the strength of
co-location relationships between geological (i.e. igneous, metamorphionesgdry and
structural) zones (of assumed differing bedrock mass strength) and confluence and
overdeepenings is assessedsee whetheiurther study is warrantedlhis allows thehird and

fourth hypotheses to be addressed.

Identical metbdology is sedctively appliedto a smaller group ofconfluences and
overdeepeningwithin the Swiss Alpsas an exploratory exerciga order to determine whether
some of the outcomes from analyses for the Labrador study region are replicated elSdvehere
Swiss studyegion has been selected in the light of its history of extensive glaciation during the
Quaternary(Champagnac, et al., 2007; Buoncristiani & Campy, 20aby because ofs
similar (orogenic) geologyo that of Labradorwith much structural faultingSwiss Federal
Office of Topography (SwissTopo), 201® further reason for selection ofi¢ Swiss study
region has beebecause of DEM/ dataset availabilityith particularregard to geological data
Maps ofprobable overdeepeninggthin the limits of the Last Glacial Maximum (LGM), at

global scalearealsoproduced.
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3.1 Objectives

For Labrador study region

To develop and employ methodology to identify and define overdeepenings and
overdeepeningetrics (e.g. overdeepening depth, area,irtDEMs

To develop and employ methodology to identifyd defineglacial valley confluences
in DEMs

To investigate hygthe®s 1and2:

3.

To assesshe co-locationof confluenceand overdeepenirgy and evaluate the strength

of the celocation relationshipto establish whether further investigation is warranted

To measurevalley CSA changethrough eachylacial confluence(expressed as a ratio

valug indicative of ice velocitgpeed up

To evaluatahe influence ofconfluence CSA changgponoverdeepeningpcation via
comparison ofce velocity speed ygdor groupings of confluencesontainingand not

containingoverdeepenings

To evaluatethe influence of confluence CSA change upon overdeepening size, via

analysis of ice velocity speed aprrelationwith overdeepening metrics

To investigate hypothes3 and 4:

7.

10

To assesghe co-location of geological (i.e.igneous, metamorphic, setentary and
structural) zonegof assumed iffering bedrock mass strengtland confluence and
evaluate the strength of -docation relationshipsto establish whether further

investigation is warranted

To assesshe colocation of geological zoneand overdeepeningsand evaluate the
strength of cdocation relationshipsto establish whether further investigation is

warranted

To assesghe colocation of glacial confluencand overdeepeningsor geological

zones, and evaluatthe strength of céocation relationship

. To assesshe colocation ofgeological zones and glacial confluence-f@moated with

overdeepeningsand evaluathe strength of céocation relationship
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11. To evaluate he influence ofconfluencebedrock mass strengtipon overdeepening
location via comparison ofice velocity speed ypfor groupings ofconfluences

containingoverdeepeningwithin and outwitheach geological zone

12. To evaluatethe influence of confluencbedrock mass strengilpon overdeepening
size, via analysis of ice velocity speed up correlation with overdeepening méthics

each geological zone

For dsewhere:

13. To selectivelyapply identical metbdology (i.e. objective4-12) to asmaller group of
confluences andverdeepeningwithin the Swiss Alpsin order to determine whether
some of the outcomes from analyses for the Labrador study region are replicated

elsewhere
14. A further objective of the study is to identifyobableoverdeepeningwithin the limits

of the Last Glacial Maximum (LGM), aglobal scalgin order to produce systematic

data for future studies
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4 Research Method

This chapter describes the methodologies employed during this investigation. The DEMs and
datasets that are made use ofamalyses are discussddEM and dataset accuracyassessed
Relevant methodologies are considered for each of the sttehys investigatedyoth regional
(Labrador, Swigsand global(within the limits of the LGM). The techniques that have been
developel to identify and define overdeepenings and confluences are presented. The methods
utilized to subsequently explore the hypotheses are discuBaetthier,consideration is given to

the potential sensitivity of research outcomés parameter choicesnade in overdeepening

and confluence definition. Methods to tessinsitivity are devised.

4.1 Selecting DEMs and datasets for use in investigation

The DEMs and other datasetsed in thisnvestigationhavebeen selected for suitability in the
task ofoverdeepening identificatioBuitability (at relevant scale) has been assessed in terms of
spatial resolutionerror(consistent andhinimal) andcoveragearea.The DEMs anddatasetsare

freely available.

4.1.1 DEMs and datasets used in Labrador (regional) investigation

1. ESRI suppliedUS NASA Seamless Shuttle Radar Topography Mission (SRTM)
"Finished" (void filled) research grade (version 3) Arc Second land topograpliata
(SRTM3). Coverages of approximatel\80 %of theland suface of the Earth (latitudes
60° north to 58 south), at ~90m horizontal resolutionand 1m vertical resolution
(ESRI Inc./ US NASA, 20065eefigure 17
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Figure 17. US NASA SRTM coverage map.

The colours of the swaths indicate the number of timedie area was imaged by SRTM,wer land, key at lower

left; over water, key at lower right. Areas in red were not mapped. SRTM, a topography mission, mostly
acquired data over land- although small amounts of data were collected over water fatalibration purposes

(US NASA, 2012)

2. ESRI suppliedinland water bodidspolygon shapefilelataseti derived fromSRTM
daia, US Geological SurveyUSGS)Landsat Sdatasupplemented wlit mediumscale
maps and chartsand the Digital Charbf the World (DCW 1:1,000,000 sca)e
(ESRI Inc./ US NASA, 2006; ESRI/ US Geological Survey, 2006; ESRI Inc., 2007a)

3. General Bathymetric Chart of the cé&ns (GEBCO)bathymetry data (version
20091120)(GEBCO, 2009a)Data has30 Arc Secondyrid spacing (~900n nominal
horizontalresolution 1 m vertical resolution The dataseis a continuous digital terrain
modé for oceanfloor and landtopography of which only the bathyetric data are
utilised in this investigation(alternative land topography datasets offer superior
resolution with regard to the study area in questidhg bathymetric data consists of a
database of over 290 millishallow shiptrack soundinggfrom various sourcs), with
interpolation between soundings guided by satell@deved gravity data
(GEBCO, 2009b; Smith & Sandwell, 1997he gravitydata arebased on th&mith
and Sandwell globalopographial grid for latitudes 80%orth to 81° south{version
11.1, September 20Q8)Vithin the Smith and Sandwell glob&ipographicalgrid, the
predicted depths are based on version v16.1 of the Smith and Sandwell gravity anomaly
from GeoSat and ERS satellite #imetry, credaed March 2007 (GEBCO, 2009b;
Sandwell & Smith, 1997)
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4. Geological map of Labrador; 1:1,000,000 scaje polygon shapefile dataset
(Wardle, et al., 1997)The dataset is based on the Geoscielatabase, built up by the
Department of Mines and Energy, Geological Sun@gvernment of Newfoundland
and Labrador, Canada,for the Labrador region. The overdeepening investigation
utilises the bedrock geologyart of thedatabasespecifically components: geological

units, geological contacts, geological faults and shear Z@@®nport, et al., 1999)

4.1.2 Additional dataset to test reproducibility of Labradorian results for a

supplementary (Swiss) study region

5. Geological Map of Switzerland; 1:500,000 scale, polygon shapefile d4tesstion
1.2) (Swiss Federal Office of Topography (SwissTopo), 20Ihe dataset has
coverage of all of Switzerland and adjoining parts of neighbouring countries. It presents
an overview of the distribution of tHeedrockgeologyoccurring in Switzerlan@Swiss
Federal Office of Topography (SwissTopo), 20H3) well as details of geological
faults,and shear zones

4.1.3 DEMs and datasets used in global investigation, within LGM limit (World map
of potential overdeepenings )

6. General Bathymetric Chartf the Oceans (GEBCQjataset (version 20091120)For
reasons of consistency of spatial resolution, superior (near global) coverage, and less
intensive computer processing (of large global data$et)and topography dataf the
GEBCO datasehasbeenusedin the world mapanalysis, rather than the SRTM3 data
utilised in the Labrador investigatiohe GEBCOland topographylata arebased on
1 km averages of data derived from (version 2) of the 30 Arc Sete®@D m
horizontal resolution and m vertical resolutionSRTM30 datasefGEBCO, 2009h)
which has identical coverage to that of the SRTM3 dafastailedpreviously, being
based on the same source d&tar coverage areas where SRTM8pographicadata
arenot available(i.e. high latitudes)GTOPO30data areused;which is a compositeof
severalsource datasetat 30 Arc Second grid spacin@-900 m nominal horizontal

resolution,1 m vertical resolutionjuS Geological Survey, 1997)

7. For theland mass (and surrounding continental shelfpotarctica,bed elevatior{and
bathymetry) data aretaken from theBEDMAP DEM (5 km nominal horizonal
resolution,1 m vertical resolution)which is sourced frona consortium oterrestrial
radar and seismic sounds)gnost of which have been undertaken since I88idish
Antarctic Survey (BAS), 2000)
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8. For the land mass of Greenlandedbelevation data aretaken from the NSIDC
Greenland 5 km DEM5 km nominal horizontal resolution, 1 m vertical resolution),
which is sourced from eombination of ERS and Geosat satellite radar altimetry data,
Airborne Topographic Mapper (ATM) data, and photogrammetric digital height data.
Ice thickness data are based on approximately 700,000 data points collected in the
1990s from a University of Kansas airborne ice penetrating radar $iRR3y Nearly
30,000 data pois were collected in the 1970s from a Technical University of Denmark
(TUD) airborne echo sound€US National Snow & Ice Data Center (NSIDC), 2005;
Bamber, et al., 2001b; Layberry & Bamber, 2001)

9. Last dacial maximum GM) global limit(s) polygon shapefile datas@hlers, et al.,

2011a) These shapefiles are a synthesis of current understanding of last glacial
maximum ice limitgEhlers, et al., 2011b)
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4.1.4 DEM and dataset accuracy

4141 SRTM

Both the SRTM3 and the SRTM3fntasets are based on the same US NABJrce data,
downsampled to 9éh and 900m grid spacing respectivelfrhe sourcedata arel Arc Second
(30 m) resolution. The accuracy of the data is discussdgiainus, et al(2003) More detailed
analysis is found in Rodriguez, et &005) There isless than or equal to 1216 absolute
horizontd circular error for 90 % of thedata, andess than or equal 1® m absolutevertical
linearerror for 90% of the dataglobally (Rodriguez, et al., 2005[Relative horizontal iccular
error is less than 1B, globally (Rodriguez, et al., 2005and relativevertical linear error is
<=9.8 m, globall. For the Labrador studsegion,used in this investigatiorgabsolutevertical
linearerror is <=5m for >90 % of the datgRodriguez, et al., 2005§or the Swiss study region,
absolute vertical linear error is1® m for >90 % of the data(Rodriguez, et al., 2005Yhe
greatest errors the global SRTM datareassociated with steep terraire(Himalaya, Andes)
and very smooth sandyirfacegi.e. Sahara Desertpf whichthe former igarticularlyrelevant

to this investigation.

It should be noted that limitation of the originaSRTM survey is thathe radr isunable to
sense thdand surface beneath vegetation canopiexiar waves beingnfluenced by the
vegetation height, structure, and dendipwever, he radar oftenpenetrate significantly into

the vegetation canopychemes for correction for thiggetation bias have been proposed, but
the issue remains a subject for research. As a consecufahi®issueglevationmeasurements

in vegetatedreasshould be assumed to frem near the top of the canopig@arr, et al.2007)

The issueis probably irrelevant to vertical height accuracy in the regiowestigated in this
study, given the lack of vegetation cover in formerly glacigpetar desert and tundra regions.
Even in taiga (boreal forest) regions, theror will be negligible for the purposes of
investigating overdeepeninggiven thenature ofan overdeepenin@s an erosiondandform
(i.e. an overdeepening ignlikely to become forested unless completely infilled by sediment
Futhermore differences betweeland surface and vegetation canopy elevation measurements
are likely to be inconsequential at the scalealbfbut the smallesbverdeepeningsand will
certainly be so at the scale of the larger overdeepenoysideredn the preparation of global

scde maps
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4.1.4.2 GTOPO30

Precise horizontgbositionalaccuracy figures were unavailable for the GTOPO30 daféiskst.
is due to tle composite nature thhe GTOPO data (further compounded by the composite nature
of some of those sourcedhe 30 Arc Scondgrid spacig is appropriate fotheresolution and
accuracy ofmost of the (better resolutio) DEM's that make up the GTOPO datt
(US Geological Survey, 1997andis certainly appropriate for nearly af the GTOPO data
used in this investigatioffi.e. those areas within the LGM limitout outside of SRTM30
coverage Much of the GTOPO datathat has beemtilised in this investigation iDigital
Terrain Elevation Data (DTED3 Arc Second resolutipn which has a <=50m absolute
horizontalcircular error at 90% confidencgUS Defense Mapping Agency, 1996jowever,
for some very high latitude locationse( parts ofthe Arctic Canadaland topography the
actualhorizontalaccuracyof the source datanay be insufficient to best utilise the (nominal)
900 m grid spacing(used in the GEBCO land topography datasEl)e absolutehorizontal
circularaccuracy of the lowesdccuracysourceto be usedDCW 1:1,000,000 scajelso known
asVMap Level Q, for these locationgs typically 2040 m errorat 90% confidence according
to theperformancespecification althougherror couldincrease tasmuchas4,270m in some
regions, dependent upon source d&t& Defense Mapping Agency, 199Despite this, the
findings of empirical studiesvhich have examinedespective vertical accuraciésee below)
indicatethatactualabsolute horizontal circular erraithin the DCWis significantly betterthan
that stated in theataset specificatiofyS Geological Survey, 1997)

The absolutevertical linear error at the 98 confidence levelfor GTOPO30 datas typically

at or better than 3th (RMSE of 18m), although(again)for somevery high latitude locations

(i.e. parts of Arctic Canadabhis accuracycould decrease tapproximatelyl60 m absolute
vertical linear errorat the 90% confidence level ICW, RMSE of 97m) (US Geological
Survey, 1997; US Defense Mapping Agency, 1995a; US Defense Mapping Agency,, 1995c)
although this is significantly better thdahe specified performanceof 610 m (US Defense
Mapping Agency, 1992)Spot height accuracy mround 30m in the worst case (e.g. DOW
(Shortridge & Goodchild, 1999; US Defense Mapping Agency, 1995a; US Defense Mapping
Agency, 1995c)

4.1.4.3 General Bathymetric Chart of the Oceans (GEBCO) bathymetry data (version
20091120)

Less than 106 of globalbathymetry has been mapped. As a consequence, any gridded dataset
of bathymetry requires much interpolation and interpretation, and is consequently highly

variable in qualityFor this easorthe 30 Arc Second grid spacing of the global bathymetry data
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is, in effect, quite arbitrary.The grid spacingloes not indicate that the sourdata areof

consistent 900n resolution.

The GEBCO dataset uses contour intervalSGff m depth,with 200m and 100m contous in
shallow zones only where justified. Although significant quantities of bathymetry data
contoured at intervalof 200m and100m have been incorporated into GEBCO bathymetry, the
standard 500n contours comprise the bulk of tlearrentcontour datset. Contourstyle and
character is unique, reflecting the interpretative skill and experience of each of the GEBCO
contributors/ gridderdGEBCO, 2003) Literature suggests thalogting the grid depths as
histogram reveals numerous pea&ach of which occuat a multiple of 500n. These peaks
correspond to the 508 contour iterval of the input digitizedontour datalt is understood that

this terracing effect is a wellnown problem of constructing igs from contour§ GEBCO,
2003) Compared to totatoverage, highesolution multbeam bathymetric surveys i
unjustifiable to plot the GEBCO global gréd a fine contour interval &f0O m or 20m except in

very rare case@here contours of thisiarval size were used as inp((BEBCO, 2003)

Attempting to asessGEBCO grid quality isdifficult, owing to the composite nature of the
dataset and the inconsistency in methods used to prodSoenié. measure of the quality of the
contouring is perhaps more useful thanumnerical qualitystatistic determined from the grid
depths. However, the subjective aimterpretative nature of the contouring makes even
assessmentf this difficult (GEBCO, 2003) The contributor/ gridder of the GEBCO ddta
the Labrador coastal bathymetsyunknown, as is thecauracyof this region of the dataset. As
a guide totypical depthsurvey accuracy, it is the case thatltibheam swath @nar and
hydrographic arveys undertaken prior to 1998 will have a vertical accuracy ah(d@ depths

of less than 30n, and a vertical accuracy of% of depth for depths of greater than 130
(GEBCO, IHO and IOC, 2014¥oastal areas in and around the fiomdd bays of.abrador are
likely to havesome of the bettdsathymetrywithin the dataset, owintp comparativelydense
survey coverage relative to mampen waterocations and because of fjordal areas being

typically well constrained by surrounding land topography.

4.1.4.4 BEDMAPDEM

Accuracy varies across tikempositebedock DEM according to the distribution of the original
source data and the procedure used in its construclio®.absolute positinal horizontal
accuracy of thddedock DEM generally varies betweetD0 m and 300m althoughthis figure
can be as muchs 10 km insome inland area@.e. the inland plateau)lhe absolute vertical
accuracy ofthe groundedce-sheetmodel is between 15 and 300m in most areasThe

vertical accuracyf the bedrock DEM is betweerb0 m and500m (Lythe, et al., 2001)
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Probably the most important sources of emdthin the BEDMAP dataseare those derived

from inaccuracies ithe navigation systems. A wide range of navigation methods have been
used to fix the ice thickness data sets, including astronomical fixes, dead reckoning, inertial
avionics, doppler avionics and global positioning systems (GPS). Positional uncertéimtyen
methods range from several metfes differential GP$to severakilometresfor the inertial

and dead reckoning navigation systems. The other principal error source is the precision to
which the actual ice thickness observations are determinecuni@mted precision of the
observations in theafabase ranges from 18 to 180m (British Antarctic Survey (BAS),

2000)

4.1.45 NSIDC GreenlandDEM

The bedrockelevation DEM is interpolated to 5km grid resolution. However, the true
horizontal spatial resolution varies according to p® and surface characteristidn earlier
version of the DEM (using identical source data) was gridded withorizontal spatial
resolution of 1 kmAnalysis of tht DEM confirmedhorizontalaccuracy ranging from 2 to
200 m over bare rock areas, depending on the source Batdner analysis showed that the
DEM has a slope dependent accuracy ranging b4 m (£1.98m) to -0.06 m (x14.33m)
over theice-sheetfor a slope rangeof 0.0-1.0°. Mean accuracy over the wholee-sheetis
-0.33m (x6.97m) (Bamber, et al., 2001alHorizontal resolution of the ice tlkicess gridused
to calculate the bedrock elevation DEM)between 5 km and 3m, andvertical accuracy is
between 10m and 100m, demnding on flight line coverage.ypical radarsounding survey
havean nherent uncertainty of about 1B for ice depth measuremen(@®ogorodsky, et al.,
1985)(US National Snow & Ice Data Center (NSIDC), 2Q05)

Errors in satellite radar altimetry data come from several sources including geographically
correlated orbit errors, errors in slope correction procedures, andniform spatial sampling
(Bamber, et al., 2001alncertainties in airborne radar sounding relate to the magnitude of the
refractive indices of solid ice, uncertainty in the profile of refractive index in the firn, signal
contamination by thermal noise in the equipment, insufficient clarity of the oscilloscope signal,
and imperfect signal definition on the recording medium. Large errors in ice thickness
measurements can result if pulses reflected from ice inhomogenediesisiaken for bottom
echoegBogorodsky, et al., 198%US National Snow & Ice Data Center (NSIDC), 2005)
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4146 %32) OO0OPPI EAA AAOAOAO 1T &£ OEIT T AT A xAOAO

Theinland watelbodydatasets based o the SRTM Water Body datag@WBD), produced by
the USNational Geospatiahtelligence Agency{NGA) from theUS NASA SRTM (version 2)
source dataand for the polar areasot covered by SRTM) based tre Digital Chart of the
World (DCW, VMap Level 0) datas€ESRI Inc., 2007h)

As a consequence of thiesolutiort scale,and accuracyof the source dataaccuracy ofthe
water body dataset varies significantly. For SRTM coverage area (i.e. Labradoresjiahy),
sourcedata arel Arc Second resolutianVaterbodiesaredepicted as they appear@d-ebruary
2000(at the time of th&RTM flight). USGS Landsat 5 datand mediurrscale mapand charts
have beenused as supplemental data sources, generally as supporting evidence for water
identified in theSRTM data However,Landsat 5 datavas collected a decade earlier than the
Shuttle missionand other map sources are also significantly older than the SREMARa
consequengean many instancethere aresignificant temporabnd further seasondifferences
between thelepiction of water in the ancillary sources and the actual extent of water hedies
seenin February 2000. In rare cases, wh&RTMdata ae missing or unusablaghe ancillary
sources have been used to deline@erbodies(US National Geospatidhtelligence Agency
(NGA), 2005) The accuracy specificatiofor SWBD is as for SRTM data as previously
discussedUS National Geospatidhtelligence Agency (NGA), 2003)or polar areas, not
covered by SRTM data, sourdata ardar more variable in qualityThe acuracyspecification

for these datds aspreviously discussetbr the DCW/VMap Level 0dataset(US Defense
Mapping Agency, 1992; US Defense Mapping Agency, 1995a)

4.1.4.7 Last glacial maximum (LGM) global limit(s) polygon shapefile dataset

(Ehlers, et al., 2011a)
The base mapusedas the basis for the LGMhapefile dataset are primarily the SRTM and
DCW (VMAPQ) datasetsas well as thehigher resolutiorsuccessoto the DCW (VMAPL,
1:250,000 scajeand OpenStrebtap data (OSM, advolunteered geographical information
project,with detailed but limited global coveragritiated in 2004)Ehlers, et al., 2011b)

The base maps for the latest edition (20dfl)he LGM ice limit shapefileare of largerscale
than was the case fthe lastedition (2004). Accuracy ofinformation contained in the mapas
increased by a factor of 18he last edition of the shapefile was based entirely on the DCW
(Ehlers, et al., 2011bwith accuracy limits in line with the DCWpacification (US Defense
Mapping Agency, 1992; US Defense Mapping Agency, 199829 accuracy of the base maps
used in the current versiori the LGM shapefile dataset & previouslydiscussedvith regard

to the respectivelatasespecificationgRodriguez, et al., 2005; Farr, et al., 2007; US Defense
-58-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Mapping Agency, 1992; US Defense Mapping Agency, 1998#) accuracyspecifications for

those extra basmaps that have not yet been discussed are

41.4.7.1 VMAP1

The performance specification for VMAPL indicates dasadute horizontatircular error of
125m to 500m for 90 % of the datgdependent upon class of datApsolute verticalinear
error is 0.5m to 2 m for 90% of the datgddependent upon class of dafds Defense Mapping
Agency, 1995h)

4.1.4.7.2 OpenStreetMap

Wh e n a n adlupteerenggographical informatidn(i.e. OpenStreetMap), the issue of
assessingspatial data qualityi.e. accuracy as previously defined and discussed for other
datasetgis a clear challenge. Thaanner in which OpenStreetMalata arecontributed does

not comply with standard spatial data quality assurance proce(idagtay, etal., 2010)
However,the datadoeshold an intrinsic quality assurance measure through the analysis of the
number of contributors who have worked on a given spatial unit. The assumption that as the
number of contributors increases so doesdbality of the datai s known as ' Lin
Recent studies show that this rudgplies with regard to positional accuragy for the
OpenStreetMap datasétiaklay, et al., 2010pnd that, as a consequence, OpenStreetMap
dataset qualityor a given locatioris comparable with thenostaccurateof the other datasets
discussedhere provided thatOpenStreetMapcoverageis consideredsatisfactoryfor that

location

The SRTM, VMAP1 and OSM information can be regardedcasirateat a scale of 1:250,000.
However, The DCWand GTOPO3Qatg is only true at 1:1,000,000 sca(&hlers, et al.,
2011b)

The positional accuracy of the ice limit margin within tt&M shapefile datases$ affected not
simply by base mapesolutionandaccuracyalone There is an additionahtrinsic error which,
whilst not likely to commonly be the limiting factor in terms obverall datasetaccuracy,
concernghe confidence with which the interpretation of ice limit positiondny given field
site/ area may beegarded The error is linked to the number of studiethat have been
undertakenconcerning ice limit positiorfor any given field site/ area (i.e. the application of
Li nu s dsee dbavevdefinitignirrespectiveof the quality of any individual studyt then
follows that there is addibnal uncertainty regarding the position of theterpreted

(interpolatedl ice limit marginbetween eachdid site/ area. For some locations, and relative to
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some base maps thatveabeen used in the creation of the datakét additionalerroris more
likely to be the limiting factorin terms of overalldataset accuracyather thanbase map

resolutionandaccuracy

4.1.4.8 Geological map of Labrador; 1:1,000,000 scale, polygon shapefile dataset
(Wardle, et al., 1997)
The geological informatiothat is contained within the datasetompiledfrom published and
unpublished sourcegat various scales) located within the Geoscience database of the
Departmentof Mines and Energy, Geological Surye$overnment of Newfoundland and
Labrador,Canada, with additionalontributions ofinformation and advice from personnel of
the Geological Survey of Canadsvardle, et al., 1997)The geobgical mapadheres to good
map accuracy tandards The use of a 1:1,000,000 scakeflects he limitations in
scale/resolution, accura@nd coverag®f the relevant sourcdocuments/datasetfor which
specific accuracy informations not available The accuracy of the geological map is
comparablevith theDCW and GTOPO3datasets that are also used in this investigation.

4.1.4.9 Geological Map of Switzerland; 1:500,000 scale, polygon shapefile dataset

(version 1.2) (Swiss Federal Office of Topography (SwissTopo), 2010)
The dataset igprimarily based on thdetailedgeological map sheetdf the Geological Atlas of
Switzerland at the scale of 1:2800. Where this information is not available the dataset is
based ora compilation of special maps and map originals of different scales, provided by the
Swiss Geological Surveyr various universitieas well as by individual cantonghe quality of
this additionadatadoes not necessarily match tpgality of the data deved from thel:25,000
map sheets, varying in scale from 1:25,000 to 1:100(80@ss Federal Office of Topography
(SwissTopo), 2011; Swiss Federal Office of Topography (SwissTopo), .ZDH&)geological
map adheretgood map accuracyamdardsalthough accuraciynformation for source data is
not available All sourcedata areof significantly larger scal¢hanthe datasefand therefore
assumed greater accuracyhe positional accuracy of thegeological mapfalls somewhere
between that ahe SRTMdataset and the DCW, being more comparable with that of the SRTM

dataset
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4.2 ldentifying overdeepenings (Objective 1)

In order to investigatall hypotheses within this study, overdeepenings must first be identified
and definedwithin relevant DEMsWhere aglaciated (orformerly glaciated) environmernis
represented by a DEMocal minima (i.e.sinks or depressionsyvithin the DEM will likely
represent empty or partialiyvater or sedimentjlled overdeepeningslhe analysis ofrelevant
datasetsfér Labradorstudy region SRTM3 land topography(ESRI Inc./ US NASA, 2006)
GEBCO bathymetry(GEBCO, 20093) for world map GEBCO land topography dataist
(GEBCO, 20093)NSIDC Greenland bed topography datg&s$ National Snow & Ice Data
Center (NSIDC), 2005)BEDMAP Antarctica bed topography and bathymetry datdtish
Antarctic Survey (BAS), 2000andotherbathymetry(GEBCO, 20093)for Swiss study region:
SRTM3 land topographyESRI Inc./ US NASA, 2006) allows identification ofthesesinks.
Processing and display afatasets and corresponding sink dat@ undertakemsing ESRI
ArcGIS 9.3.1 GIS softwareThe main elements of the workflow for overdeepening

identification and defiition are summarised in figure 18

It is not always possibletidentify afilled overdeepeningi.e. an overdeepening filled entirely

by eitherwater or sediment, up to its pour pgiwithin a DEM (e.g. SRTM3), due to the
limitations of the survey instrumentation. Eetir water filled overdeepenindge. lakes)are
sometimes undetectable (depending upon the extent and type of radar backscatter from the lake
water surface), and entirely sediment filled overdeepenings are salwajetectable (being
obscured) It is therefore unlikely thaevery overdeepeningill be detectedwithin any given

study region, after analysis of the relev@EM(s). Despite thisjt is safe to assume that the
majority of overdeepenings will be detected, as most will be only partially filled to some extent

(by either water or sedimBnand some may be entirely empty.

Within formerly glaciated regis) where a natural lake occursis safe to assume thide lake
occupies an overdeepenirand istherefore an entirely watdilled/ partially water filled
example of the phenomenddowever, clearly, less certain{gf being an overdeepeningan
be attabed to water filled depressioisthe landscapé@.e. it is possible that a lake is formed
by someotherglacial process, e.g. that the lake is dammed by moraipesdion)thancanbe
attached to nowater filled depressiondhe investigation considers the location aizk of
lakes (via use of the inland water bodies dataset)well aghe location andsize of empty/
partially sediment filled overdeepening®r the Labrador stydregion, the Swiss study region,

and at global scale (i.e. for the world map).

The analysis of further datasetsuch aslake bathymetric data (i.e. DEMs, or haabpy
bathymetricmaps) might increase certainty as to whether some lakes are examples of entirely
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water filled/ partially water filled overdeepenings or.n8imilarly, geologicaldrift mgps and
geophysical datasets mighe useful in examiningpecific entirelysediment filled partially
sediment filledoverdeepeningddowever, on the whole, such datasets are not readily (or freely)
available, and typically lack coverage. Such analysis is therefore outsitle s€dape of this
study, which insteaditilises contiguous topographic andtlymetric DEMs to examinall

detectable overdeepeningghin two study regions, and at global scale

4.2.1 Study region extent(s)

Hypothesis testing is undertaken via analysis of the Labrador study regibe. initial stages

of the investigation (i.e. wdn initially identifying sinks/ potentialoverdeepeningand, later,
when identifying and defining confluendeshe extent of theLabrador study region is loosely
defined by the edge of the continental shelf within the bathymetry (GEBCO DEMhbE east

The northern limit of the study region is defined by the highest latitude at which SRTM data has
been collected dirg surveying (i.e. latitude 8Morth). The western and sbetn limits of the
study region are such as #@dlow a generous perimeter armlthe political border of the
Labrador provincewithin neighbouring Quebec and Ungava Bay. This definition of the study
regon facilitates the analysis afverdeepeningsvhich may form part of the fjords into the
Labrador Sea (to the east) or Ungava Baythe west), owhich may straddle the political
border between Labrador and Quebec (anddoich mayoccur on the western side of the
Torngat Mountains). The preciggtentof the study region is defined later in the investigation
(section 4.5.1.1), when areacdculatiors are requiredn order to evaluate the strength of

co-location relationships for various hypotheses (see objectives)

The supplementarpwiss studyocuses on the Swiss Alpexaminedn the later stages of the
investigationas an exploratory exercise in order to determine whether some of the outcomes
from analyses for the Labrador study region are replicable elsewhere. The region exdsaned
includesareas of France and Itahyt, for reasons obrevity, in this investigabn is referred to

as the Swiss study region. The study reg®approximately 30& 150 kmin size (SRTM3

data)

The world mapmay be useful in future investigations of overdeepening, and might also be
applied in the testing afumerical models aflacial erosiorand landscape evolutiofhe maps
providesystematiqglobal data regardingopographicatlepressions within the limits of the Last

Glacial Maximum (LGM) emphasising localities of likely glacial overdeepening
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Begin the process of identifying

Input into GIS the relevant and defining overdeepenings
digital elevation models by filling sinks in DEMs using
(DEMs) (section 4.2) GIS tools (section 4.2.2)

Subtract original DEM from the
filled sink layer (section 4.2.2)

Transform sinks to a map
projection (section 4.2.2)

Calculate sink area and depth
(section 4.2.2)

Threshold the sink data in order
to remove small artefacts/ errors
(section 4.2.3)

T

Manually assess thresholded sinks
to see if genuine overdeepenings
or if generated by some other
physical process or by human
activity (section 4.2.3.1)

Inpit Into"GIS the relevant o= Ldveer:gfgeiré?\izgtstet;\:te zgreltain lakes
Iake body, polygon;dataset. »by combining sink and lake polygon

(section 4.2.4) data in GIS (section 4.2.4)

Identify and better define

(by filtering) topographically low
lying overdeepenings affected by—
glacio-fluvial deposition and/ or
vegetation (section 4.2.5)

Apply sink area/ perimeter ratio
threshold in order to improve

| overdeepening contiguousness at
global scale (section 4.2.6)

Global

Regional Is the study area
under investigation

regional, or global?

Global Overdeepenings are

Regional overdeepenings
now identified and defined

are now identified and defined

Figure 18. The main elemens of the workflow for overdeepening identification and definition.

Later elementsdemonstrate how overdeepening identification and definition is adjustedyhere necessary.
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4.2.2 Identifying sinks, and projection of data

The processof identifying sinks (i.e. potential overdeepeningsitilises a é&ink fill 6 algorithm
within the GIS softwareThis algorithm fills sinkt o0 6 pour pointé The. e.
subtraction of the output dtiis tool from the original DEM allows sinksto be displayedvithin

the GIS software. The sinksnd the DEMs are then projected. Projection converts the units of
measure ofthe horizontalto metres, in common with theertical height unit of masure.
Projectionis essentiahsthe analysis ofoverdeepening metrics awd the relationship between
confluence and overdeepeninglies upon the measemen of distancen the horizontglthe
assessment of area, and tree wf slope maps generated fr@EMs. Evaluation of these
propertiess not possible withowtuitableprojectionof datafor each ofthe study regionunder
investigation.The majority of thedatasetsised in thisanalysisare providedn Lat/Long WGS
1984 geographic coordinate systeiata areprojectedto UTM 20N, UTM 32N and Fuller
projectionfor the studyregions(Labrador, Switzerlanddnd theworld map,respectivelyWhere

a dataset is already projected using a different coordinate systgn$wWiss geology dataset
(Swiss Federal Office of Topography (SwissTopo), 20tdlich usesa CH1903 projection) it

is reprojected(e.g. Swissgeologydatasetto UTM 32N) to maintain consistency withther
datasetsFurther simple GIS tooland associated calculations araployedto derive sink area
and sink maximum depth valuésr use in thresholding analys{s orderto remove small

artefacts/errorfrom sink datg, andfor use insubsequerdanalysis of overdeepening metrics.

4.2.2.1 Projection accuracy

There isarisk that distortions induced durimgapprojection introduce errdnto theprocess of
identifying the extent (area and depth) of individual sirfik study regions whera UTM
projection is utilised,His potentialerroris very smallanddue to slighshape, area, and distance
distortion - true projection of directionsi maintainedESRI Inc., 2008a)The potential error
increaseslightly where a fuller projection is utilisg@de. world map)t global scale. Theufer
projection hadow overall areashape and distance distortions, kligtorted directioESRI
Inc., 2008b) It is for these reasonthat DEM (and sink projection occurs after sink
identification rather than before in the methodolothus eliminating the risk aucherror.
Once sinks have bedtentified, the distortions inducdxry mapprojectionare not ggnificant or

biased and do neequire further consideration, barte dscussed here for completeness.
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It is possble that small horizontal errdg induced(in sinks andn the DEM)by map projection,
within the GIS (ESRI) software.Hls is certain to cause no more than half a palizontal
error (e.g. <45 m horizontal error in the case of SRTNEhd topography datg ESRI Inc.,
2010) Overdeepenings occwn a scale of hundreds of metrgskilometres, in the horizontal
plane. As a result,such erroris within acceptable limits for the intended application. The

majority of this study focuses on overdeepenings located within the SRTM3 dataset

The effect of map projectionpon vertical error(in sinks andin the DEM) is less easy to
quantify. The sink fill algorithmis applied to the DEN&) prior to projection, in order to
produce as@&urate a representation ihks as possie. It is then neessary to project both the
DEM(s) and the sink datasing bilinear interpolationesampling (of vertical cell valuesjhe
accuracy of theoverall projection is greate$br continuous data, when such interpolation is
used.Unfortunately, dinear interpolation has the effect of smoothing elevation ea({ESRI
Inc., 2009) which is largely undesirable as this investigatiopartanalyses sink depttfghere

it is determinedthat sinks represent overdeepenin@shinear interpolation resampling offers
the best compromise (between overall accuracy of projectionthenigéastsmoothing of sink
depths)when projectingdata Nearestneighbour interpolatioris an alternativeresampling
methodwhich could have been used ieatl. Nearest neighbouinterpolationmaintains cell
values (i.e.produces nesmoothing) after projection, buhis methodshould not be usedn
continuous datasthe overall accuracy ofhe projectionis poorerthanis the case wheather
interpolation mehods are used Cubic convolution interpolation is anotheralternative
resamplingmethod but results in even greater smoothinipan is the case when bilinear
interpolation is usédand frequentlyresuls in dataset outputontainingvertical cell values
outside the range of the input ragteSRI Inc., 2009)which would be totally unacceptabite

the purposes dhis investigation

By way of futher explanation as to the smoothing effect that bilinear interpolation has upon
elevation valuesand why this is undesirablean unfortunateconsequence girojectionis that

the process will changde individual vertical cell value®f a DEM andof sink dat, relative

to thevalues in theriginal unprojected datdhis changgof, perhaps, several metregdders the

sink depthvaluesobservedwithin a pojected sink. As a consequenos, occasionthe value
(and sometimes therefottee location) of greatest sink depth thatidentified duringsubsequent
analysismay be erroneus Although i is of courseessentialthat optimaloverall piojection
accuracy is maintained by the resampling metfusda given DB, it is also vitalthat the
smoothing of cell values minimisedin order thatthe accuracy of sink deptis preservedin

GIS parlance this has been achieved by themoval of zero values(prior to projection),
surroundhg sinks in the sinldatasetThe zero values indicate where there is no sink within the

dataset and thereforavhere there is1o difference between theénk datasetand the original
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DEM. When zero values amemoved (i.enulled, converted to noData valugthe subsequent
projectedcell values within thesink datasetare resamplednore accuratelyi.e. with less
smoothing, as only data values within the sinks @rejected and interpolated. Consequently
the impact ofsmoothingerror becomes negligiblend the resultant sink dasae suitablefor
use inanalyse of sink metrics. The only dmback tothis solution is thatalthough the
projected sinkdatasetand the DEM remain horizontally cell alignedhéving undergone the
same projectiomsingthe same interpolation methothe vertical cell valueslo notcorrespond
because of théesserdegree of bilinear smoothin@esanpling) of sinks compared withthe
DEM. Thisis notanideal scenario butis acceptabldecausehis investigation does not require
that vertical cell values match betweesink data andDEM, as analysis is not undertaken
directly between tree two datasstor upon DEM vertical cell valuealone after projection
Analyses focus only upon the relationships betweerctmfluencedatasetsink data, and the
geology overlay

4.2.3 Removal of small artefacts/errors from sink data (thresholding)

Smallartefacts/errorare present iDEMs (and consequently sink daty. These are a product

of the topographical mapping process itself. Thresholding of sink data (for the Labrador study
region, and separately for the world mapjnoves such noise, so thatis not considered in
further analysisThresholding consists of assessthg number of sinks of any givediscrete
area(based on raster DEM pixel sizégat have Im depth There is a high degree of certainty
that such sinks are artefacts/errors beeanighe vertical accuracy specification of the datasets
used in this investigatiofsection 4.1.1 The procedure makes apparémt optimal sink area
threshold that is necessaryorderto removeas manyartefacts/errorérom a given dataseds
possible, whilst retainingood datahat may be potential overdeepeninghis is becausehé
frequencyof sinks with 1 m depth will decrease significantly as sink area is systematically
increased. Theptimal position for thehresholdcan thereforebe identifiedby the sink area

where there is the most significant decreasauimber of sinks with 1 m depth.

For SRTM3 (Labrador land topographylata,0.0857 km? is the optimalareathresholdvalue
with less than 2%% of sinks of this area having depths ofnl For GEBCO (Labrador)
bathymetry data an are¢aresholdof 2.3546km? is optimal with less than 14.56 of sinks of
this area having depths ofm. A depth threshold value of # has been determined being
optimal within the study regionon the basis of respective depth accurasfesach dataset, and
on the basis that this is a reasonableimum depth at which an overdeepening might typically
begin to be visually identifiable in the fie{dnd therefore da significant enougtexample of
overdeepeningp warrant further analysisyhresholdedlataaredisplayed as polygon and point

shapefile datavithin the ESRI ArcGIS software.
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For the GEBCO world map at LGM) topography and bathymetry data an area thicesh
3.0545km? is the optimal threshold value for sinks within the limit of the LGM, with less than
9.5% of sinks of this area having depths ahlHowever an area threshold #6.3619km? has
been implemented, on the basis that the sm@jaimal) value is too detailed to be useable at
the global scale of hard copynaps displaying anoverview of significant overde@enings. A
depth threshold of 5 has been implemented for twerld map, again for reasons of schlg
alsofor reasons oflepth accuacy limitationsof somesource datag.g.DCW, BEDMAP).

4.2.3.1 Manual analysis of thresholded sinks: Assessing glacial origin

Manualanalysisof thresholded sinkss subsequently undertaken. This allows a judgement to be
made regarding whetharsink can be asserted as being an overdeepenitty 4 good degree

of certainty, or whether some other physical process (e.g. tectonic evolution of a basin, a
meteor impact creating a crater, volcanic activity creaticgldera)or anthropogeni@activity

(e.g. the construction of a mamade reservoir, or a harbour) can be asserted as being
responsible fothe formation of the sinkand therefore whether the siskouldbe removed

from the datasetr{ the case of the Labrador data)labelled ¢olour coad appropriately if

the case of the world magjhe high threshold valubat isused forsink data for thevorld map

eliminates potentially anthropogenic sinkishout manual analysis being necessary.

4.2.4 Defining overdeepenings that contain lakes, within  sink data

Overdeepnings sometimes contain lakéd/hen such overdeepenings are topographically
mapped(at regional or global scalethe corresponding sinksometimesappear fragmented (in
terms ofsink area, appearingpeckledin the DEM) In comparison sinks corresponding to
overdeepenings that are free lakes will show no such fragmentation, and will be quite
contiguous in appearance. For a&gpenings which contain lakesk area fragmentatias a
consequence of radar backscatter from the sarédthe water, which occurs duringapping
(i.e. data collection). The backscatter effemuces the likelihood of a contiguous lake surface
being detectedOf the DEMs utilised in this investigation, backscatisran issue that imost

relevant tahosethat have greatest resolution.

When overdeepenings containing lakes are mapped, the corresponding maximum sink depths
and the location of these (as derived from the resulting DEM) are unlikely to be correct. This is
because the detected maximum deplue and location is likely to benly a reflection from

the lakesurface. Consequently, these metrics will be erroneousegito beéemoved.
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In order toreduce area fragmentatioand removeerroneous depths/ depth locatioims
overdeepnings wiich contain lakessink and lake bodyare combined. Lake bodieasre
obtained from theinland water bodies dataségfombining sink and lakedefines potential
overdeepenings more contiguously than would otherwise beabe(figure 19), for use in
subsequenanalysis. The resultingombined sink/lakgolygonsare assigned arbitrary depth

values of O (i.e. depths of the overdeepenings are unknown).

In order that some sink data (coincident with lake bodies) are not thrown amthsesholded

sink data areutilised in this task By using unthresholded dathne detail (occurring on the
periphery of a combined sink/lake) is considered, which is likely to constitute a valid part of an
overdeepening, andshich would otherwise be removed by the thresholdinacess In all
subsequent analyses, thresholded datia arautilised in order thasmall artefacts/errorsannot

be considered~ollowing the combination of sinks and lakeseathresholding iappliedusing

the same thresholds as detailed in the previous section. Fumthayal analysisof the
combineddatasetis undertaken (afor thresholded sinfsto examinewhether some physical
processor human activityother than overdeepeniigrespasible forsink/lake formationlf an
overdeepening does not contain a lake then the corresponding sink will be unaltered by the

process that combinasinks and lakes.

The area ofa combined sink/lake polygomay differ from that of the lake body alone (as
obtainedfrom theinland water bodies datajeThis difference may be due am overdeepening
being only partiallyfilled with water, and tle corresponding sinkonsequently being largéran
the lake bodyThe diffeence in area may otherwise/ algarticularly for the world mapbe
due totemporaland further seasonahriations in the extent of water bodias depictedy
topographical datasets, when comparetthéoextendepicted intheinland water bodies dataset

Occasionally(in the world m@), because of the significant difference in horizontal resolution
between sink data and lake d@masome casessinks may not coincideproperly with their
respectivelake body. In such instancekake data aredownsampled(using nearest neighbour

sampling) to match the resolution of the sink data, anccic®nce then occurs.

Sometimeswhenan overdeepening has been totally filled byke |ahelake will beapparentn
the inland water bodies datasétut there will beno corresponding sink the DEM In such
instarces the lakebody is included (unaltered) ithe combinedsink/lake dataset for use in
subsequent analysiglsing this methodentirelywater filled overdeepenings are included in the
dataset thatnay othernise bealmostundetectableEntirely sediment filled overdeepenings

unfortunately remain undetectable.
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Figure 19. Defining overdeepenings that contain lakes, within sink daté&or Labrador study region, and for

world map).

For overdeepenings whichcontain lakes (for the Labrador study region, and for world data), in order to
reduce area fragmentation(due to radar backscatterfrom the surface of lake water) and to remove erroneous
depths/ depth locations (due to reflection from the surface of lakeater), sink (magenta)and lake (light blue)

(top image) are combined (bottom image). Lake bodies are obtained from the inland watbodies dataset.
Combined sink/lakes a r e depicted as 6enl argedé6 | akes défihes ght
overdeepenings more contiguously than would otherwise be the case, for use in subsequent analysis. If an
overdeepening does not contain a lake then the corresponding sink will be unaltered thys process The DEM

is SRTM3 topography data, for the Labrador study region (Il coord 59.0, -64.6 DD), depicted using ESRI
ArcGIS 'elevation’ colour scale. Contours are placed at 2én intervals (black lines).
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4.2.5 Defining topographically low lying overdeepenings, within sink data

(filtering ; applied to regional study only)
Overdeepenings sometimes accumulate localised superficial -gllagia deposits and/or are
colonised by vegetation. This is particularly common in some empty/ partially sediment filled
overdeepenings located in topographically low lying valleyd otherow lying areas When
such overdeepeningse mappedhe area otorresponding sink&ill often apper fragmented.
In comparison, sinks corgponding to overdeepenings tlaa¢ free of such influences will show
no such fragmentation, and will loiite coiguous in appearanc&ragmentatioroccuss for
much the same reasoas has been discussedor overdeepeningsvhich contain lakes
Superficial deposits and vegetation will cause a radar backscatter effect during mapping. The
backscatter effecreduces thelikelihood of a contiguous oweleepeningbeing detected.
Fragmentation is an issue thani®st noticeablevhere DEMs are of high resolution, hendet

issue is especially evidewithin the Labradortsidy region (.e. SRTM3 dataset).

The greateraccumulation obuperficialdeposits and/or vegetation in topographically low lying
valleydareas relative to that foundup-tributary, is a consequence of greater sediment
availability in low lying valleygreasbrought about by fluvial depositional andworking
processeghat prevailin the lower tracts of river systenisllowing a deglaciation. kivial
valley longitudinal profiles naturally tend towards a graded profile in order to erode down to
base leveland consequentlijuvial erosion is greagin the upper tracandfluvial deposition

is greatstin the lower tracof a river systemAdditionally, fluvial processewill rework glacial
sediments deposited topographically low lyingcoastal valleys, especialgt anddownstream

of the (palaeo) EA of former glaciers, where such glacial sediments are uswalgtabundant

and where overdeepenings most frequently occur andofagreatestsize In contrast,in
formerly glaciatedvalleys at higher elevations (i.e. locatggitributary), in the uppetracts of

river systemsfluvial erosioral processesisually prevailand the abundance of glacial sediments

is usually lower Overdeepenings are therefore more likely to accumulate superficial deposits

and/or vegetation in low lying valleyskas

In order to reduce the area fragmentatdroverdeepenings located liow lying valleydareas
the correspondinginks are filtered.This procesdefinesoverdeepenings more contiguously
than would otherwise be tlwmase (figure20), for usein subsequent analysi8. low pass3 x 3
filter is appliedin a single pass. Only a single pass is appl&t as not to overrocess
artificially inflate overdeepening are@hresholded sinklata areutilised in this task, in order
that small artefact®frrorsare not amglied by filtering. The low pass filter is noappliedto

lakes as thesare mostly significantlydrger and more contiguous than other sinks.
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Figure 20. Defining topographically low lying overdeepenings, within sink data (filtering;for Labrador study

region only).

For overdeepenings located in topographically low lying valleys and other low lyingreas (for the Labrador
study region), in order to reducearea fragmentation (caused by radar backscatter from accumulations of
superficial deposits and/or vegetation)sinks are filtered. Corresponding sinks (maroon, top image) are made
as contiguous as possible by the use of a low pass 3 x 3 filter, appliedaisingle pass (filtered sinks are
presented in dark green, bottom image). Filteringdefines overdeepenings more contiguously than would
otherwise be the case, for use in subsequent analysihie low pass filter is not applied to lakeqdepicted in
light blue, top and bottom imag@, as these are mostly significantly larger and ore contiguous than other
sinks. The DEM is SRTMS3 topography data, for the Labrador study region(ll coord 58.6,-64.2DD), depicted

using ESRI ArcGIS 'elevation' colour scale. Contars are placed at 20m intervals (black lines).
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The filtering process does not alter the theyalues within affected sinks.ri@inal depth valas

are retained. The additiorsli nk ar ea t hat i s addedelbwpagsor 6
filter is assigned the arbitrary depth value of 0. In these peripheral positions the depth of the
overdeepening is considered to be unknown, but as depth is invariably shallower at these
locations than at the (known) positions of maximum sink depth the additidnabeyr depth

values are of no consequence to subsequent analysis.

Overdeepeningareconsidered to be topographically low lyifigany part otthe corresponding
filtered sink issituatedbelowan empirically selectedlevationthresholdof 345m a.s.| Where
the entiretyof a filtered sinkis locatedat or above 345n a.s.|the overdeepening is not
considered to bdéow lying and consequentlyhe nonfiltered sink is utilised in subsequent
analysisinstead

The elevationthresholdhasbeen carefullyselectedbased n visual inspection of the DEKbr

the Labrador study regiormhe thresholds effective atidentifying the major coastalvalley
networksand other topographically low lying areass a consequence tie well defined
natural breakin topography (i.e. the fjords) which occurs within this provieéeCanadaat
regional scaldfigure 21). This simplistic type of threshold would almost certainly not be so
effective in identifying regional scale valley networks in DEMs of some other phttseo
world, where there is little or no natural break in topography into coastal valleys. For Labrador,
a threshold such as this is favoured as it is simple and effective. The alternative would be to
either devise a more complicated way of spatially defing a o&évall eyd6 in a
isolate sinks within, or to apply a smoothing filter to all sirdgardless of elevatio®evising a

more sophisticated way of spatially defining a valley would be too time consuming and is
unnecessarily complex for éhneeds of this investigation. Applying a smoothing filter to all
sinks in the Labrador dataset would be undesirable, as it would have the effect of artificially
inflating area for many small dpibutary overdeepenings, the majority of which are far less
affected by the accumulation of superficial deposits and/getatiorthan are their counterparts

in major coastal valleys, for reasons discussed previously in this section.

-72-



PHD thesis: Dept. Of Geography, University of Sheffield C T Lloyd

Figure 21. Defining topographically low lying overdeepeningselevationthreshold (Labrador study only).

An elevationthreshold (of 345m a.s.l) isused toidentify topographically low lying valleysand other low lying
areas within the Labrador study region (Il coord 52.0, -67.8DD). This has been carefullyselected based o
visual inspection of theDEM. The threshold is effective atidentifying the major coastalvalleys and other low
lying areas as a consequence of the well defined natural break in topography (i.e. the fjords) which occurs
within this province of Canada at regional scale.Land topography elevation valuesbelow the elevation
theshold of 345m a.s.| are displayed in pink. SRTM3 land topography data are shown in ESRI ArcGIS
‘elevation’ colour scde. Scale ranges fron845m a.s.| (light brown) to ~1600m elevation a.s.| (white). GEBCO
bathymetry data are shown in greyscale. Scale ranges from sea level (white/grey) td 200m depth (black).

4.2.6 Defining overdeepenings, within sink data (further thresholding; applied to
global study only )

In large, lower resolutionaasets (i.e. GEBCO, world mapink area fragmentatiodoes not

occur as much as it does small, higher resolution datasets (i.e. SRTM3, Labrador).
Consequently, for the world map an alternative method is used to consider the contiguousness
of overde@ening, which focuses onisks in the whole study regiorather thanonly those
specifically in low lying valleys and other low lying areas. The technique involves assessing
sink area/sink perimeter ratio, in order to determine sink contiguousness. knwlsich is

found to have an area/perimeter ratio of less than 1 is not considered further in analysis. The
sink area/ perimeter ratio technique improves the quality of global overdeepenings in the
dataset, by removing sinks that have poor contiguouskRessarge, lower resolution datasets,

over large geographical areas, the sink area/ perimeter ratio techsigusomputationally
inexpensive andreliable way of assessingverdeepeningcontiguousnessat regional to

continental scale.
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4.3 ldentifying glacial valley confluences (for regional study )
(Objective 2)

In order to investigatall hypotheses within this studglacial valley confluences must be
identified and definedwithin relevant DEMs. Glacial valley confluencésach comprising a

pair of tributaryvalleys, and a trunk valley) can bensidered tde point locations afaximum

ice velocity (i.e. a focus of glacial erosion) within glaciated/anformerly glaciated regions.
However, this studgonsiderseach (discrete, or unique) confluerasan area of influence, in
order that individuaconfluence extent (area) can be defined and in order that the control of
individual confluences upon overdeepenings can be asséskitionally, in the initial partof
testingboth the topographical and theodggical hypotheses, confluences arensidered as a
single area of influence (i.e. overlapping confluences are merged to become one confluence
@ond), in order that thecoincidence of glacial confluencwith overdeepening and
coincidence of geologicalonewith glacial confluencegan be assessdgigure 22displays the
Labrador study region, and associated confluences and overdeepertuygluences and
overdeepenings within the Swiss study region eraminedin the later stages of the
investigationas an exploratory exercise order toobserve whethesomeresults obtained ithe
Labrador study are reproducitiéésewhereThe main elements of the workflow for confluence

identification and defiition are summarised in figure 23

A trunk valley isdefined as thelacial valley situaed immediately downstream of a pair of
joining tributary valleys, within a confluence. The trunk valieyhe receiving vallejor glacial

ice, supplied by the tributary pair, within the confluence.

4.3.1 Confluence identifi cation, criteria, and certainty

Some landforms are relatively easy to identify and define in DEMs. One such example is that of
overdeepenings, which can be identified and defined simply by delimiting the extent of the
depression in the landscape (with gofurther processingfy section 4.2 Other landforms, such

as confluences, are more difficult to identify and define because boundaries are fuzzy; i.e. the
landform has a vague spatial extéhisher, et al., 2004)As yet, delimitation of many such
landforms is mainly manual, using visual identification: automation of the process remains a
research frontier, with acceptable success rates somewhat €esares, 2012)Classification

of a whole &and surface is more difficult than extraction of specific landforms frof&vians,

2012)
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Figure 22. The studyregion (Labrador, Canada and surrounding region)

Glacial confluences(perimeters denoted inblue), are shownwith their liberal extensions (perimeters denoted

in dark red) (see sectiort.3 for identification method). The general population ofoverdeeperings (see section
4.2 for identification method) are shown in rose (empty/partially sediment filled) and light blue
(totally /partially water filled ). The perimeter of the studyregion (for analysis purposes)s 26 km away from

the eastern coastof Labrador (see sectio.5.1.1). The perimeter is defined on themap by a change inthe
colour (from rose to green) of overdeepeningswithin the bathymetry. Several large (ice-sheet scale)
overdeepenings can be seen in the GEBCO bathymetry data. SRTM3 land topography data

(Il coord 52.0, -67.8 DD) are shown in ESRI ArcGIS 'elevation' colour scale. Scale ranges from sea level
(turquoise) to ~1600 m a.s.| (white). GEBCO bathymetry data are shown in greyscale. Scale ranges from sea
level (white/grey) to ~-1700 m depth (black).
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Visually identify the simplest and
most certain confluences in
relevant DEMs and datasets,
using the prescribed criteria that
follow (section 4.3.1)

Input into GIS the relevant
projected digital elevation S
models (DEMs) (section 4.3)

| Generate DEM slope layer and -
20 m contour layer (section 4.3.1)

Yes Does the confluence have a

clear birdfoot appearance?
(section 4.3.1)

Is the tributary-trunk angle
acceptable? (section 4.3.1.1)

Are confluence tributaries
independent? (section 4.3.1)

Confluence is invalid

Yes No No

Does the confluence
comprise of at least one minor
tributary (e.g. a hanging valley)?
(section 4.3.1.2)

Confluence is invalid Confluence is invalid

Confluence is invalid

Does the confluence
(and surrounding valley network)
have clearly defined ice flow
direction? (section 4.3.1.3)

Confluence is invalid

Yes

|

Visually (re)define confluence 1
perimeter by peak slope values
on valley-sides (section 4.3.2) m

Is confluence
perimeter valid in the
wider context of ice movement
through the valley network?
(section 4.3.2.1)

Visually redefine confluence
perimeter by peak slope values, —
or ignore/bypass tributary
(section 4.3.2.1)

Visually define confluence internal
L geometry by assessing confluence

tributary and trunk valley axes

orientations (section 4.3.3)

i

Is confluence perimeter
interrupted (e.g. by a
minor tributary)?
(section 4.3.2.1)

||
2 Further visually define confluence

Z;l;.lilgngzrg‘z:g:’g;mnk Visually define up-tributary internal geometry (tributary-trunk

observation of ‘pinch’ features —auiflmmm confluence extents by —~ i \allcy boundaries), using 45°

(section 4.3.5) measurement (section 4.3.4) vaIIey-snde divergence angle

- I (section 4.3.3)
!

Visually define further (i.e. liberal)
down-trunk confluence - Confluences for the region are
terminations by measurement now identified and defined

(section 4.3.6)

Figure 23. The main elements of the workflow for confluence idenfication and definition.

Workflow elements demonstrate the criteria with which the simplest and most certain confluences are visually
identified for study. Further, elements demonstrate the process by which confluence perimeter iteratively
defined, and the process by which confluencternal geometry, and uptributary and down -trunk extents are
defined. This process allows subsequent assessment of valley csegional area (CSA)hange through each
confluence.
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The development of GIS technology hasderlined theneed for more detailed and explicit
formalisation ofthe terrdn analysis procesArgialas, 1995) Unfortunately, mostesearchers
focus on thanethodological aspect (autoritat) at the expensaf the conceptual ackgrounl of

land surface segmentation; withany researchengrefering more radily automated concepts,
which are not necessarily the bgMinar & Evans, 2008)Progress is being made with both
supervised and uopervised classification of DEMEeijmonsbergen, et al., 201ut the
sophistication of current algorithms imited. Gonstraintsamost relevant to the identification of
glacial landformanclude thescale at which a land gace classification operates (i.e. window
size, multiscale analysisthe number of classesed and the thresholds employed during such
classification (e.g. slope and curvature tolerances). These variables are currently crucial to
feature identificatio, and small differences can change the nature of detected features
significantly (Ehsani & Quiel, 2008)Minar & Evans(2008) note that a general theoretical
unification of themanyconceptsitilised byland surfacelassification algorithms is needed.

In exploring possible methodologies for confluence iifieation in this investigation,
semiautomaticfuzzy land surface classificationas beerconsideredusing Landserf softare

as developed by Joseph Wodqd996; 2002) This is in order to determine land surface
membership to a set of six distinct classgiss( channels, passes, ridgesaks and planar
regiors) in sample DEMs of formeyl glaciated terrains. These classes aidely used in
geomorphometry (e.g. Fisher, et @004) Wood (1996) Evans(1980) Peucker & Douglas
(1974) to define local surface fornfFisher, et al., 2004)Preliminary investigation has
determined that such classification is unacceptable for the identification of valleys (and hence
confluences) aglistinct landbrms. The classification limit of six classés inflexible and
appears to be better suited te tefinition oflandformsthat are less fuzzfe.g. river channels

and valleyfloors), perhapsn fluvial rather than glaciaénvironmentsEhsam & Quiel (2008)
note that Woodds method assumes that pits,
zero; but in reality when neighbourhood is considered, land surfaces usually have overall
inclination. Ehsani & Quié¢ (2008) comment that this assumption magsult in output
consisting mainly of channetndridges. The channel class was indeed a significant output in
preliminary investigatonT he ot her pr obl em wated by ERsamio&ddisl me t
(2008} is that planar features have a zero value of maximum, minimum andsecigEmal
curvatures. In reality, most have some curvature, resulting in outcomes that depend strongly on
the selected Vaes of slope and curvature toleran¢egsani & Quiel, 2008)This dependency
accounts for the success of the methodid&ntifying valleyfloors during preliminary

investigation
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To auccessfully identify and defineonfluencest is most importanthat lateral (confluence)
valley extent is clearly delimited. For this to ocduis necessary thatalley-sides are clearly
defined Becauseit is well documented thaturrent land surface classificaticadgorithms
perfom somewhat poorlyidentification and definition ofglacial valley confluenceshas
proceeded manuallyithin each study region explored in this investigatiag visual
inspection of the DEM (elevation values), anduse of DEM slpe map(s) and DEN2O m
contours. DEMs arepresentedfor visual analysisusing the adaptive colour streted
(6elevationd6) ArcGIl S col our (dataihdispl@yedwitaivzai | ab |
standard deviations of the mean elevation value, for any given display)eXteist setting
enables maximum visualisation of detail at any given scale of observation, and therefore
facilitates visual identification of the maximum possible number of confluences, within the

limits of DEM resolution.

Confluencesareidentified using thecriteriathat follow in this sectionConfluence perimeter is
then defined iteratively, according to a ruleset (section 4.3.2). Confluence internal geometry
(section 4.3.3),and up-tributary (section 4.3.4)and dowrtrunk valley confluenceextens
(section 4.3.5) are subsequently defin€dnfluence certainty (i.ehe degree otonfidence
with which eachconfluencemight be regardédis then assessd, based upon how well each
confluencemeetsall criteria (i.e. a value of0 is assigned to a coluience wherét is regarded
with lesscertairty, whereseveralkriteriaaremetwith less than total satisfactipa value ofl is
assigned where a confluence is regarded mithe certainy, but whereone or moreriterion is
still metwith less tharcomplete satisfactiorand a value o2 is assigned where a confluence is
regarded awery certain fulfilling all criteria satisfactorily. Potential onfluences that he
poor overall certaintyare considered invalid, and are not recorded for furthelysisaSuch

confluences will totally fail to satisfy at least one criterion.

A potential confluence musbe visually apparentvithin all of DEM elevation, slope and
contourdatg appearing visually unambiguous and well defiifieel the confluence shoulae
clear at the position where tributaries meeperhapsappearing something like a birdfoot in
plan), with clear directiorand continuity oice flow (i.e. thetransvese profile of the tributaries
where they meet, and the longitudinal profile of eachutdry, should bereasonablywell

preservell(figure 24). Tributariesshouldappeaindependent of one another
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Idealised confluence /

7// L

% Transverse Profile

Longitudinal Profile

Figure 24. Schematic planof an idealised confluence

C T Lloyd

Ice flow direction is denotedby blue arrows. Idealisedschematictransverse and longiudinal profiles (not to

scale)depicted in red.
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4.3.1.1 Tributary -Trunk angle

An idealised confluence (with respect to tributamynk angle) is shown in figure 2&op).
Where one or both tributariesvithin a potentialconfluenceappearvisually unnatural or
spatiallydiscontinuousthe confluence is consideredhave very poor certainty and is therefore
consideredinvalid. A common exampleof such invalidityis where the angldetweenthe
tributaryand the trunk valleis very acutgi.e. confluence geometrgppeas visually unnaturdl
(figure 25, middlg. The threshold at which such anangleis deemed unacceptable not
preciselydefinedin this investigatior(although it isusuallywherethe angle isapproximately at
9, figure 25, botton), as the minimum anglethat may be perceived to allow a viable
confluenceprobablyvariesaccording tespecific confluencgeometry Whereuncertainty exists
regarding the acceptability of the anghssessment of confluenealidity is made using ther
criteria(and the confluence likely regarded as a lower confidence example)

Idealised confluence /

%/%

Invalid confluence

Potentially invalid confluence

Figure 25. Schematic plans of confluences: TributaryTrunk angle.

(Top) Schematic plan of an i@alised, valid, confluence (Middle) A potential confluencethat is invalid, after
assessment of the (acute) angle between the potential tributary and the trunk valle§Bottom) A potential
confluence that ispossibly invalid, after assessment of the (right) angle between the potential tributary and the
trunk valley (see text). Where uncertainty exists regarding the acceptability of the angle, assessment of

confluence validity is made using other criterialce flow direction is denoted by blue arrows.
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4.3.1.2 Major and minor tributaries

Tributaries belonging to a potéait confluerce should be visually balancedhe term
& a | a meamdtifatributaries shouldbe of the samapproximate order of magnitude width
and/or CSAaseach othein the locality where tributaries medfach tributary should form an
arterial routefor ice at the scale of thealley networkin the locality ofthe potentialconfluence
(i.e. the ice sowe for each tributary should be significamthis scal& (figure 26). Wherea pair
of tributaries confornto these ruleshey are termed major tributarieslajor tributaries form a
pair, along with a trunk valley, in a validonfluence.Tributaries that do not conform to these
rules (and/ordo not meebther criteria,as outlined elsewhere in sectidr8) are considered to
be miror tributariesand do noform part of a valid confluencet s doubful whether minor
tributaries can provide adequate channel constriction. (ice velocity speed upyithin a
potential confluence, in order that overdeepenings may dewdophe conflience control
Consequently, theres very poor certainty for potential confluencesvhere minor tributaries
form a part

Figure 26. Schematic plans of confluences: Major and minor tributaries.

Schematic plan of confluence examples, depicting valid (green tick) and invalid (red cross) potential
confluences, after consideration of the relativerder of magnitude of each tributary within, and the status of
each tributary as an arterial route for ice (at the scale of thesurrounding valley network). Tributaries should
provide adequate channel constriction (i.eice velocity speed up)within a confluence, in order that

overdeepenings may developce flow direction is denoted by blue arrows.

A potental confluence is considered to have very poor certaimtyl is therefore considered
invalid, where a hanging valley is observddanging valleys are considered to be minor
tributaries.A hanging valleyoccurs within a potential conflueneehere ice flow through one
tributary has been dominaaver ice flow through the other tributargnd consequently where
glacial erosion through the dominant tributéand trunk channglhas left the other tributary
hanging(figure 27, top). A hanging vdey will be identifiablewherea tributary joinsa trunk
valley, and wherevery high slope valuesccurrelative tothose within the adjacent tributary.

The hangingtributary will have considerable vertical disatinuity with the trunk valleyfigure
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