
Using De Geer moraines to reconstruct ice sheet retreat in high resolution

RIVERS, Gwyneth Evelyn

Available from the Sheffield Hallam University Research Archive (SHURA) at:

https://shura.shu.ac.uk/36015/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.    

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

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

Please visit https://shura.shu.ac.uk/36015/ and http://shura.shu.ac.uk/information.html for 
further details about copyright and re-use permissions.

http://shura.shu.ac.uk/information.html


 
 

 

Using De Geer moraines to reconstruct ice sheet retreat in high 

resolution 

 

 

 

Gwyneth Evelyn Rivers 

 

 

 

A thesis submitted in partial fulfilment of the requirements of 
Sheffield Hallam University 

for the degree of Doctor of Philosophy 
 

 

 

 

 

 

March 2025 



ii 
 

Candidate Declaration 

I hereby declare that: 

1. I have not been enrolled for another award of the University, or other academic or 

professional organisation, whilst undertaking my research degree. 

2. None of the material contained in the thesis has been used in any other submission 

for an academic award. 

3. I certify that this thesis is my own work. The use of all published or other sources of 

material consulted have been properly and fully acknowledged.  

The data presented in chapter 6 was obtained in collaboration with Professor Antti E.K. 

Ojala, Dr Joni Mäkinen, and Camilla Holmroos from the University of Turku, Finland / 

Geological Survey of Finland, during the fieldwork campaign of June 2023. I played a 

major role in the preparation and execution of the investigation, the data analysis and 

interpretation. Sedimentological investigations were undertaken by project 

collaborators Professor Antti E.K. Ojala, Dr Joni Mäkinen and Camilla Holmroos from 

the University of Turku and Geological Survey of Finland. Contributions from 

collaborators, such as diagrams or calibrations, are explicitly referenced in the text.  

4. The work undertaken towards the thesis has been conducted in accordance with the 

SHU Principles of Integrity in Research and the SHU Research Ethics Policy, and ethics 

approval has been granted for all research studies in the thesis. 

5. The word count of the thesis is 70,390. 

 

 

   

Name Gwyneth Evelyn Rivers 

Date of Submission March 2025 

Award PhD 

Research Institute Social and Economic (SERI) 

Director of Studies Dr Robert D. Storrar 



iii 
 

Abstract 

This thesis explores the spatiotemporal properties of De Geer moraines (DGMs) in 
southwest Finland and assesses their utility as high-resolution ice margin indicators. This 
research provides new insights into DGM formation mechanisms, ice margin 
geochronometric potential, and discusses implications relative to ice sheet 
reconstructions. Key findings from this study include the development of a new Python-
based ArcGIS toolbox for automated 3D morphometric analyses, quantified 
morphometric and internal architectural insights, and temporal associations with local 
clay-varved chronologies, producing an annual-resolution ice margin reconstruction of 
the southwest Finnish sector of the Fennoscandian Ice Sheet (FIS).  

A total of 3 966 DGMs were mapped across southwest Finland and were subdivided into 
prominent (2 581) and intermediate (1 385) moraines. Morphometric analyses find DGMs 
to be slightly sinuous and asymmetric in profile. Internal architecture of DGMs located 
across 4 sites in southwest Finland present proximal to distal transitions whereby proximal 
sides are characterised by compact laminae and thrust plane structures, and distal sides 
are characterised by poorly compact diamicton reworked by proglacial water currents. 
These findings support DGM formation at the grounding line of water-terminating ice 
margins and provide evidence to accurately position them within a wider ice sheet 
context. In addition, spatial analyses reveal DGM-subtypes, namely regularly spaced 
prominent DGMs and irregularly spaced intermediate DGMs, that depict interseasonal 
variations during formation. Specifically, regularly spaced prominent DGMs are suggested 
to form via push during winter readvances, whereas irregularly spaced DGMs are 
suggested to form during periods of summer retreat. 

Connections with local clay-varved chronologies show close alignment with annual rates 
of retreat and demonstrate that an annual signal can be established within De Geer 
terrain (DGT) enabling annual DGM isochrones to be constructed. The DGM-derived 
reconstruction in this study presents an annual 714 year long ice margin retreat pattern 
across southwest Finland between 11 615 – 10 901 cal. years BP, characterised by retreat 
rates ranging between ~500 – 2 000 m/yr-1. This is a significant refinement to that of the 
current highest resolution (e.g. annual compared to 100-year resolution) and provides 
detailed insights into grounding line processes whereby interrelationships between 
temperature, water depth and topography drive ice margin retreat. Specifically, the 
dynamic fluctuations of ice margin retreat observed at annual timescales infer hinge-
driven calving processes as a result of thinning ice, increasing water depths and smooth, 
shallow-gradient bed topography. 

The findings from this study demonstrate that DGMs may be used as valuable ice margin 
proxies and can capture retreat rates at very high resolution. Furthermore, this work 
demonstrates how DGMs may offer valuable insight relative to grounding line forcing 
mechanisms at annual to centennial timescales. Insights produced from this study are 
particularly valuable for understanding ice sheet retreat dynamics at societally relevant 
timescales and may assist with projecting changes in contemporary ice sheets. Moreover, 
this study provides a methodological framework and foundation for future studies that 
aim to utilise DGMs as ice margin indicators and reveal detailed insights into complex 
grounding line processes. 
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FIGURE 5.2. A) Series of aerial photographs of CSR landforms located in the Northwest 

Territories, Canada [courtesy of Roger Paulen]. B) Hillshaded DEM showing example CSRs 

identified across a section of the former Great Slave Lake ice stream, northwest Territories, 

Canada [DEM source: ArcticDEM – Porter et al., 2018]. 

FIGURE 5.3. Study area selected for DGM data collection in southwest Finland. The 

location of De Geer moraines fields has been adapted from Ojala (2016) and Baltic Sea Ice 

Lobe boundary and Salpausselkä moraine positions are based on Palmu et al., (2021). The 

study area encompasses DGMs that are positioned northwest of the second Salpausselkä 

moraine (Rivers et al., 2023). 

FIGURE 5.4. A) Study area chosen for CSR data collection; a 20 km2 section of the former 

Great Slave Lake Ice Stream, Northwest Territories, Canada [ice stream data source: 

Margold et al., 2015]. Location map shows the study area situated inside of the shear 

margin of the palaeo-ice stream. B) Hillshaded DEM indicating mapping extent of CSRs at 

the study area. Imagery shows ridges arranged in a linear and cross-cutting configuration. 

[DEM source: ArcticDEM – Porter et al., 2018] (Rivers et al., 2023). 
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FIGURE 5.5. A series of boxplots presenting comparative summary statistics of quantified 

prominent DGM, intermediate DGM and CSR morphometry data. A) Transect Height, B) 

Transect Width, C) Transect Average Slope, D) Transect Asymmetry, E) Feature Length, F) 

Feature Sinuosity, G) Average Width Standard Error, and H) Average Cross-Sectional Area 

Standard Error. The lower and upper whiskers represent the minimum and maximum 

values of the data respectively with outliers residing outside of each whisker limit, the box 

represents the interquartile range (IQR) (e.g. 50% of the data) with the lower limit 

representing the lower quartile (Q1) and the upper limit representing the upper quartile 

(Q3). The central interquartile line represents the median value of the dataset. The white 

+ symbol represents the mean average value. Extreme values that extended far beyond 

the general dataset were removed. (Rivers et al., 2023). 

FIGURE 5.6. Schematic figure of Landform Summary Table 5.5, showing generalised 

morphometric differences between prominent DGMs, intermediate DGMs and CSRs. 

Prominent DGMs show as slightly more sinuous and asymmetrical in profile, whereas CSRs 

appear generally larger and straighter. NB: Prominent DGMs are typically the longest 

landforms across the groups; however, due to laterally discontinuity and mapping 

strategy, results may not always reflect this. 

FIGURE 5.7. Transect morphometry visualisation showing transects generated at 20 m 

intervals for each landform group: A) prominent DGMs; B) intermediate DGMs, and C) 

CSRs. The cross-sectional area calculated along each transect are shown and colour-

graded to represent high (red) to low (blue) values. [DEM sources: A & B: ®National Land 

Survey of Finland, LiDAR digital elevation model, 6/2023; C: ArcticDEM – Porter et al., 

2018]. (Rivers et al., 2023). 

FIGURE 5.8. Results of ‘Getis-ord Gi* hotspot analysis'. A) prominent DGMs total feature 

volume; B) prominent DGMs average feature width; and C) prominent DGMs average 

feature height (Rivers et al., 2023). 

FIGURE 5.9. Results of ‘Getis-ord Gi* hotspot analysis'. A) CSR total feature volume; B) CSR 

average feature width; and C) CSR average feature height (Rivers et al., 2023). 

FIGURE 6.1. Location map indicating selected sites across southwest Finland for data 

acquisition: 1 = Uimarannatie, Haaro, Perniö – sedimentology and GPR; 2 = Makarla, Salo 
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– GPR; 3 = Kurajoki, Salo – GPR; 4 = Suorsala, Mynämäki - GPR. Note the blue area marks 

the extent of the Baltic Sea Ice Lobe (BSIL) in which the investigated De Geer moraines are 

associated. 

FIGURE 6.2. Hillshaded digital elevation model (DEM) imagery depicting different DGM 

field types across southwest Finland. A. Kurkela (Salo) - regular, only prominent DGMs. B. 

Pehtsalo (Laitila) - regular DGMs interspersed with irregular DGMs. C. Pohiperä 

(Uusikaupunki) - only irregular/more scattered DGMs with a less distinct rhythmic 

distribution (DEM source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 

FIGURE 6.3. Location of excavated sediment exposures at Site (1) Uimarannatie, Haaro, 

Perniö (see FIGURE 6.1). A. Hillshaded DEM highlighting prominence of DGMs and 

positioning of sediment excavations. B. Oblique photograph of excavated sediment 

exposures facing southwest. 

FIGURE 6.4. Imagery of UT1 excavated sediment exposure. Excavation dimensions: length 

~28 m; depth ~2 m. A. Hillshaded DEM indicating location of sediment exposure and GPR 

profiles along UT1 ridge at site 1 (DEM Source: ®National Land Survey of Finland, LiDAR 

digital elevation model, 2/2023). B. Photograph viewed from proximal to distal. C. 

Photograph viewed from distal to proximal. D. Photograph viewed from distal to proximal. 

FIGURE 6.5. Exposure sketch of UT1 with the original subsurface (bottom) and interpreted 

(middle) GPR data. GPR data were acquired along the excavation bottom to allow 

subsurface investigations. Locations of sediment logs are shown (e.g. UT1_2023_log1, 

UT1_2023_log2 and UT1_2023_log3) which are presented in FIGURE 6.6. Locations of 

clast macrofabric measurements are indicated, with data presented in rose diagrams and 

stereonets. Stereonets are plotted on the lower hemisphere of a Schmidt diagram. 

Lithofacies units are labelled accordingly presented in sediment logs shown in FIGURE 6.6. 

FIGURE 6.6. Sediment logs presented from UT1 showing unit thickness, composition and 

internal structures. Lithofacies are interpreted using standardised coding (Evans & Benn 

2004). Rose diagrams and stereonets supplement identified units where applicable. 

Lithofacies codes: Dmm = matrix-supported, massive diamicton; Dms = matrix-supported 

massive diamicton with shearing structures; Dml = matrix-supported, laminated 
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diamicton; Gm = massive gravel, Gs = gravel with shearing structures; Sm = massive sand; 

Sld = horizontal and draped laminated sand with dropstones; Smd = massive sand with 

dropstones; Fld = fine laminated silt and clay often with minor fine sand and very small 

ripples and with dropstones; Fmd = massive silt and clay with dropstones. 

FIGURE 6.7. A. Depositional units from the middle part of UT1 excavation. This shows the 

main ridge composition of the silty-to-sandy diamicton Unit 3a which is draped by the fine-

grained and highly fissile/sheared Unit 4. Unit 5 forms the mantle of the ridge composed 

of bouldery diamicton. B. Strongly sheared and fissile structures of Unit 4.  C. View towards 

the proximal section of the UT1 De Geer ridge. Note the deformed clay layers between 

Units 3a and 5.  White arrows indicate ice flow direction. 

FIGURE 6.8. Photographs of UT2 excavated sediment exposure. Excavation dimensions: 

length ~28 m; depth ~2 m. A. Hillshaded DEM showing location of sediment exposure and 

GPR profiles along UT2 ridge at site 1 (DEM Source: ®National Land Survey of Finland, 

LiDAR digital elevation model, 2/2023). B. Photograph viewed from distal to proximal. C. 

Photograph viewed from proximal to distal. 

FIGURE 6.9. Exposure sketch of UT2. Locations of sediment logs are shown (e.g. 

UT2_2023_log4 and UT2_2023_log5); logs are presented in Fig. 10. Clast macrofacbric 

measurement locations are indicated with data presented in both rose diagrams and 

stereonets (clast macrofabric sample sizes = 50). Stereonets are plotted on the lower 

hemisphere of a Schmidt diagram. Lithofacies units are labelled accordingly and described 

in the sediment logs as presented in FIGURE 6.10. 

FIGURE 6.10. Sediment logs presented from UT2 showing unit thickness, composition and 

structures. Lithofacies are interpreted using standardised coding (Evans & Benn 2004). 

Rose diagrams and stereonets accompany identified units where applicable. Lithofacies 

codes: Dmm = matrix-supported massive diamicton; Dms(s) = matrix-supported massive 

diamicton with shearing structures; Dml = matrix-supported laminated diamicton; Dcs = 

clast-supported stratified diamicton; Gm = massive gravel; Gs = gravel with shearing 

structures; Gcs = clast-supported gravels with shearing; Sm = massive sand; Sld = 

horizontal and draped laminated sand with dropstones; Smd = massive sands with 

dropstones. 
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FIGURE 6.11. A. Depositional units from the middle section of UT2 excavation. Note the 

deformed, sandy sorted sediments of Unit 2 truncated by Unit 3a that forms the main part 

of the proximal side of the ridge. B. Downslope dipping bedding structures in distal parts 

of Unit 3b. C. Strongly sheared and fissile structures of Unit 4, similar to UT1, but present 

only in proximal parts of UT2. White arrows indicate ice flow direction. 

FIGURE 6.12. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 2 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 

FIGURE 6.13. Radargram #1 at Makarla, Ylönkyla (GPR profiles #2 and #3 are presented 

in Appendices Figures 14 & 15). Identified radar facies and connected lithofacies are 

detailed in TABLE 1. 

FIGURE 6.14. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 3 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 

FIGURE 6.15. Radargram #1 acquired at Kurajoki, Porkka (GPR profiles #2 and #3 are 

presented in Appendices Figures 16 & 17). Identified radar facies and connected lithofacies 

are detailed in TABLE 1. 

FIGURE 6.16. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 4 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 

FIGURE 6.17. Radargram #1 from Suorsala, Mynämäki (GPR profiles #2 and #3 are 

presented in Appendices Figures 18 & 19). Identified radar facies and connected lithofacies 

are detailed in TABLE 1. 

FIGURE 6.18. Proposed conceptual model of inter-seasonal De Geer ridge forming 

processes. A) Late spring/early summer: fine-grained materials settle out at GL (Unit 2). 

Ice may depress into bed during temporary stabilisations resulting in coarser-grained 

sediment extrusion (Unit 3). B) Late summer/early autumn: increased subglacial 

meltwater transports coarser-grained material to grounding line. Possible proximal 

compaction may occur due to buoyant flexure of overriding ice (Units 3a/4). Calving 
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processes occur creating a series of irregularly spaced ridges. C) Late autumn/early winter: 

ice margin retreated to winter position. Aggregation of glaciofluvial material at grounding 

line. Possible proximal compaction from buoyant flexure of overriding ice. Release of debris 

from overriding ice. D) Late winter/early spring: ice re-advance over deposited material. 

Proximal thrusting and significant shearing deform most notably upper proximal units of 

ridge (Units 4/5) however, deformation could occur throughout sediment package. 

Release of debris from overriding ice. E) “De Geer terrain” characterised by regular 

(winter) and irregular (summer) ridges. Interdistances between winter ridges indicate 

annual rate of retreat. 

FIGURE 7.1. Location map showing DGT across southwest Finland within the southern 

sector of the Baltic Sea Ice Lobe. Salpausselkä moraines indicated by black polygons (SS I, 

SS II & SS III). Deltas are indicated by blue dots; red line (dotted line - speculative) depicts 

the position of Baltic Sea water drop estimated at between ~11 620 – 11 560 cal. years BP 

(Andrén et al., 2002; Donner, 2010; Saarnisto & Saarinen, 2001; Stroeven et al., 2015). 

FIGURE 7.2. Hillshaded DEM imagery showing ice margin isochrone construction from 

designated moraines across varied DGT configuration [DEM source: ®National Land 

Survey of Finland, LiDAR digital elevation model, 2/2023]. 7.2A & B) show regular, 

prominent moraines only; panels 7.2C & D) show regular, prominent DGMs interspersed 

with irregular DGMs; and 7.2E & F) show irregular moraine only. In areas characterised by 

DGT as shown in 7.2C, D, E & F, prominent moraines were primarily used and the number 

of irregular moraines used were informed by the number required from the local varve 

chronology (Strömberg, 2005) to derive an annual reconstruction.   

FIGURE 7.3. Images illustrating geochronological anchoring for the DGM-derived 

reconstruction. A) Hillshaded DEM showing correlation between regularly spaced mapped 

DGMs and varve / interpreted calendar years; B) Hillshaded DEM showing DGMs without 

mapped polylines; C) Map showing location of study area and selected varve sites from 

(Strömberg, 2005); D) Map showing selected varve sites and DGMs located across 

southwest Finland. Selected clay varved sites were used from the established local 

chronology across southwest Finland (Strömberg, 2005). DGMs were connected to varve 

sites by closest proximity. The number of successive DGMs were counted and matched to 

varve dates between sites in direction of deglaciation.  
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FIGURE 7.4. Map (7.4A) and method sketch (7.4B). 7.4A) shows mapped DGMs presented 

in blue and relative constructed isochrones presented in pink. Varve sites depicted by 

purple dots. Deglaciation flow lines are shown in white and were used to derive average 

retreat distance and grounding line variable datasets along each intersected isochrone. 

7.4B) illustrates methods for data extraction and calculations are illustrated in the method 

sketch. 

FIGURE 7.5. Annual DGM-derived reconstruction with colour-graded isochrones 

delineating rate of retreat (m/yr-1). The reconstruction is subdivided in spatiotemporal 

segments as outlined above: 1) 11 615 – 11 531, 2) 11 530 – 11 350, 3) 11 349 – 11 150, 

4) 11 149 – 11 000, 5) 10 999 – 10 901. 

FIGURE 7.6. Annual ice margin reconstruction of the southwest Finnish sector of the 

Fennoscandian Ice Sheet between 11 615 – 10 901 cal. years BP, derived from DGMs 

located across the study area (pink isochrones). The reconstruction is subdivided into 

spatiotemporal segments 1-5 as defined in FIGURE 7.5. 100-year isochrones between 11.6 

– 10.7 ka BP are overlaid for context and comparison (blue isochrones) (Stroeven et al., 

2016).  

FIGURE 7.7. Line plots comparing estimated retreat rate across southwest Finland 

between DGM-derived annual reconstruction (grey line plot) and 100-yr reconstruction 

(blue line plot) (Stroeven et al., 2016). The plots are subdivided into the spatiotemporal 

segments 1-5 as defined in FIGURE 7.5.  NB: the retreat rate from Stroeven et al. (2016) 

was compared between 11 400 – 10 900 cal. yr BP based on the spatial extent of mapped 

DGMs, and deglaciation flow lines as shown in FIGURES 7.4A &  7.6. 

FIGURE 7.8. Scatter plots presenting correlations between A) 20-year avg. NGRIP 

temperature (⁰C) (Vinther et al., 2009), 2) slope (⁰), and 3) water depth (m) vs retreat rate 

(m/20-yr). NB: for the purposes of fair correlation with the 20-year average NGRIP 

temperature records, retreat rate, slope and water depth data were also converted to 20-

year average.   

FIGURE 7.9. Line plots showing grounding line variables at 20-year averages: A) retreat 

rate (m/20-yr); B) water depth (m); C) 20-yr avg. NGRIP temperature (⁰C); D) slope (⁰) vs 
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time (cal. years BP); E) elevation (m) vs distance (m) across study area in direction of 

deglaciation. Panels mark time segments 1) 11 615 – 11 531, 2) 11 530 – 11 350, 3) 11 

349 – 11 150, 4) 11 149 – 11 000, 5) 10 999 – 10 901 and correspond with the grounding 

line variable maps presented in FIGURE 7.5. 

FIGURE 7.10. Annual resolution reconstruction maps presented with colour-graded 

isochrones relative to each variable: A) retreat rate (m/yr-1), B) slope (⁰), C) 20-yr avg. 

NGRIP temperature (⁰C), and D) water depth (m). Panels mark time segments - 1: 11 615 

– 11 531, 2: 11 530 – 11 350, 3: 11 349 – 11 150, 4: 11 149 – 11 000, 5: 10 999 – 10 901. 

FIGURE 7.11. Box plots showing: A) retreat rate (m/yr-1), B) water depth (m), C) 20-yr avg. 

NGRIP temp (⁰C), D) slope (⁰), and E) elevation (m) across each time segment; 1) 11 615 – 

11 531, 2) 11 530 – 11 350, 3) 11 349 – 11 150, 4) 11 149 – 11 000, 5) 10 999 – 10 901 

(FIGURE 7.5). NB: Boxes represent interquartile range, upper and lower bounds of boxes 

denote upper and lower quartiles respectively, black line within boxes represent median 

values, ‘X’ within boxes represent mean average values including outliers, whiskers denote 

minimum and maximum values excluding outliers. 

FIGURE 7.12. Annual resolution histograms showing water depth (m) vs retreat rate (m/yr-

1). Each histogram represents time segments - A: 11 615 – 11 531, B: 11 530 – 11 350, C: 

11 349 – 11 150, D: 11 149 – 11 000, E: 10 999 – 10 901 and correspond with the 

grounding line variable maps presented in FIGURE 7.5.  

FIGURE 7.13. Annual resolution scatterplots showing retreat rate (m/yr-1) vs slope (⁰). Each 

scatterplot represents time segments - A: 11 615 – 11 531, B: 11 530 – 11 350, C: 11 349 

– 11 150, D: 11 149 – 11 000, E: 10 999 – 10 901 and correspond with the grounding line 

variable maps presented in FIGURE 7.5. 

FIGURE 7.14. Annual resolution line plots: A) retreat rate (m/yr-1), B) water depth (m), C) 

20-yr avg. NGRIP temperature (⁰C), D) slope (⁰), vs time (cal. years BP); and E) elevation 

(m) vs distance (km). Spatiotemporal segments are represented by pink dashed lines to 

correspond with the time segments shown in FIGURE 7.5 - 1: 11 615 – 11 531, 2: 11 530 

– 11 350, 3: 11 349 – 11 150, 4: 11 149 – 11 000, 5: 10 999 – 10 901. 
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APPENDICES TABLE 1. Presenting quantified annual resolution data and descriptive 

statistics (total (retreat distance only), % change between successive segments in direction 

of deglaciation, minimum, maximum, median, mean, standard deviation and variance) for 

retreat distance (m/yr), water depth (m), 20-yr avg. temperature NGRIP (⁰C), slope (⁰), and 

elevation (m), across segments A-E as defined in FIGURE 7.5 (chapter 7). 

APPENDICES FIGURE 1. Boxplot presenting calculated transect height difference captured 

from LiDAR and ArcticDEM data. A sample of 573 transects were compared. A Wilcoxon 

signed-rank test indicated a significant difference between the two datasets (z = -12.8, p< 

.001, r = -0.5), with an average difference of 0.79 m. [DEM sources: National Land Survey 

of Finland, 6/2023; ArcticDEM – Porter et al., 2018]. 

APPENDICES FIGURE 2. Correlation between excavated sediment exposure and 

neighbouring GPR profile #3 at Site (1) UT1 (see Supplementary FIGURE 1). Radar facies 

are presented in TABLE 1 within the main manuscript. 

APPENDICES FIGURE 3. Location 1, UT1 GPR Radargram #1. 

APPENDICES FIGURE 4. Location 1, UT1 GPR Radargram #2. 

APPENDICES FIGURE 5. Location 1, UT1 GPR Radargram #3. 

APPENDICES FIGURE 6. Trench locations of grain size curves for location 1, UT1. 

APPENDICES FIGURE 7. Grain size curves for location 1 UT1. Diamicton curves shown in 

black. Sand and gravel curves shown in brown. 

APPENDICES FIGURE 8. Correlation between excavated sediment exposure and 

neighbouring GPR profile #1 at Site (1) UT2 (see Supplementary FIGURE 8). Comparisons 

with UT1 show the same lithofacies in the same order within the exposure.  This is reflected 

in the radar facies TABLE 1, presented in the main manuscript. 

APPENDICES FIGURE 9. Location 1, UT2 GPR Radargram #1. 

APPENDICES FIGURE 10. Location 1, UT2 GPR Radargram #2 

APPENDICES FIGURE 11. Location 1, UT2 GPR Radargram #3. 
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APPENDICES FIGURE 12. Trench locations of grain size curves for location 1 UT2. 

APPENDICES FIGURE 13. Grain size curves for location 1 UT2. Diamicton curves shown in 

black. Sand and gravel curves shown in brown. 

APPENDICES FIGURE 14. Location 2, GPR Radargram #2. 

APPENDICES FIGURE 15. Location 2, GPR Radargram #3. 

APPENDICES FIGURE 16. Location 3, GPR Radargram #2. 

APPENDICES FIGURE 17. Location 3, GPR Radargram #3. 

APPENDICES FIGURE 18. Location 4, GPR Radargram #2. 

APPENDICES FIGURE 19. Location 4, GPR Radargram #3. 

APPENDICES ATTACHMENT 1. Ethics approval 
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Chapter 1: Introduction 

 

1.1 Rationale 

Ice sheets are a core component of the global climate system and a sensitive indicator of 

environmental change (Fyke et al., 2018; Meredith et al., 2019). One of the major 

concerns surrounding anthropogenic climate change is rising sea levels due to melting 

glacier ice and thermal expansion (Alley et al., 2005; Benn & Evans, 2010; Carlson et al., 

2019). The greatest uncertainty associated with projecting future sea level rise resides in 

the responses of Earth’s contemporary ice sheets (Alley & Joughin, 2012; Carlson et al., 

2019). Ice sheets are highly dynamic systems capable of very rapid responses to climate 

change; however, there are many interconnected variables that can influence such 

responses which can be difficult to observe in contemporary settings (Alley & Joughin, 

2012; Benn & Evans, 2010; Clark, 1994). Reconstructions of palaeo-ice sheets can allow a 

deeper understanding of ice sheet response to climate change and can act as effective 

climate-proxies over long periods of time (Alley et al., 2005). By understanding how ice 

sheets responded to past climate change, we are better equipped to understand how they 

may respond in the future (Alley et al., 2005; Benn & Evans, 2010; Pearce et al., 2017). 

Typically, ice sheet reconstructions aim to capture ice margin retreat rate, 

configuration, and flow dynamics (Benn & Evans, 2010; Pearce et al., 2017). Retreat rate 

is usually presented as time-slice intervals, determined by the availability of landscape 

evidence (e.g. geomorphology such as end moraines) that capture the spatial position of 

the ice margin at a specific point in time. These spatiotemporal intervals define the 

resolution of an ice sheet reconstruction which currently range from > 1 000 to 100 years 

(Dalton et al., 2023; Hughes et al., 2016; Stroeven et al., 2016). These timescales, whilst 

helpful for delineating long-term retreat, highlight a gap in knowledge at shorter 

timescales (e.g. annual to centennial) due to limited landscape datasets and uncertainties 

associated with radiometric dates (Walker, 2005). By working to increase resolutions, we 

can improve the current understanding of ice margin retreat dynamics across shorter 

timescales and potentially produce more accurate and tangible models that can be 

extrapolated to contemporary ice sheets.  
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Primary elements for ice sheet reconstructions comprise geomorphological 

observations combined with numerical dating methods. Contemporarily, 

geomorphological observations are often acquired via remote sensing methods (although 

field observations have historically been, and can be, a common approach) whereby 

remotely sensed imagery is visually assessed for glacially derived land features. The 

success of this method is determined by the spatial resolution of the remotely sensed 

imagery itself (Chandler et al., 2018; Clark, 1997; Smith et al., 2006). Recent advances in 

remote sensing instrumentation, and subsequently image resolutions, have enabled more 

subtle landscape features to be identified, which may be constructed at more regular 

timescales (Bouvier et al., 2015; Ojala et al.,2015; Ojala, 2016). This presents an 

opportunity for new geomorphological evidence to be collected as a means for refining 

the resolutions of palaeo-ice sheet reconstructions. 

De Geer moraines (DGMs) are relatively subtle glaciologically derived landscape 

features that typically present as a series of regularly spaced, low-relief, elongated ridges, 

often resembling a washboard like appearance across low-lying terrains (Benn & Evans, 

2010; Bouvier et al., 2015; De Geer, 1889 & 1940; Golledge & Phillips et al., 2008; Ojala 

et al., 2015; Ojala, 2016). The regular appearance of these ridges suggests a cyclical 

nature during formation thereby highlighting a potential utility as indicators of ice margin 

retreat patterns.  
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FIGURE 1.1.  Hillshaded LiDAR DEM showing examples of DGM fields located in Finland. A) 

Ruokojärvi, Kuovola; B) Kortistonkulma, Hyvinkää; C) Etu-Holsti, Porvoo; D) Kituranta, 

Jämijärvi [source: Ojala, 2016]. 

 

1.2 Project aim, research questions & objectives 

This project aims to explore the potential utility of DGMs as high-resolution ice margin 

indicators by investigating their internal architecture and origin, large-scale morphometry, 

and spatiotemporal relationship with former ice margins. Subsequently, a refined ice 

margin reconstruction of the southwest Finnish sector of the Fennoscandian Ice Sheet 

(FIS) is produced. The outputs from this work can be used to improve understanding of 

past ice sheet behaviour in response to climate change, which in turn may assist with 

improving projections of contemporary ice sheet evolution by providing more reliable 

information for numerical models.  



 
 

4 
 

1.2.1 Research questions 

1) How do DGMs form, and how do they reflect the position of ice margins? 

2) At what timescales do DGMs form? 

3) How does increasing spatial and temporal resolutions of ice sheet reconstructions 

help to improve the current understanding of ice sheet retreat rate and grounding 

line processes? 

1.2.2 Research objectives 

To address the aim of this project and answer the identified research questions, three key 

objectives have been developed:  

1) Constrain DGM formation processes via triangulation of morphometric, 

sedimentological, and geophysical datasets. 

2) Constrain the timescale of DGM formation by comparing established varve 

chronologies to DGM distribution. 

3) Produce a refined palaeo-ice marginal reconstruction at very high (potentially 

annual) spatiotemporal resolutions based on the quantification of, and 

reconciliation between, geomorphological evidence and 

geochronological/palaeo-climate records.  

 

1.3 Thesis structure 

Chapter 2 provides a detailed review of the literature on glacially derived ice marginal 

landforms, with a focus on DGMs, and discusses this in the wider context of palaeo-ice 

sheet reconstructions. A detailed description of the study area is also provided. Chapter 

3 presents an overview of the different methods used throughout the study, with more 

specific methods presented in the results chapters respectively (chapters 5-7). Chapter 4 

presents the development of a new method in the form of a Python-based ArcGIS toolbox 

for the purposes of automated calculation of 3D morphometry. Chapters 5 – 7 present 

the results. Chapter 5 presents the results of a detailed remotely sensed morphometry 

study, using the toolbox outlined in chapter 4. Chapters 4 and 5 were published as a single 

research paper; however, to achieve a more logical structure within the thesis, this paper 
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has been divided into method development (chapter 4) and results of morphometric 

investigations (chapter 5). Chapter 6 presents the results from a detailed 

sedimentological and geophysical study exploring the internal architecture of DGMs to 

better understand formation properties. Chapter 7 presents a refined reconstruction of 

the southwest Finnish sector of the former Fennoscandian Ice Sheet (FIS) using DGMs as 

geochronometric ice margin indictors, and subsequently explores grounding line forcing 

mechanisms relative to rates of retreat. Chapter 8 draws together the results and 

discusses the findings in the context of the overall aim of the thesis. The main conclusions 

of the thesis are presented in chapter 9.  
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Chapter 2: Literature Review 

 

This chapter reviews the current literature on DGMs, focusing on their use as 

geochronometric ice margin indicators. The importance of ice sheet reconstructions is 

outlined prior to focusing on DGMs to provide context and rationale for the purpose of 

the study.  More specifically, spatiotemporal resolutions of ice sheet reconstructions are 

discussed, highlighting gaps in the current understanding at shorter timescales (e.g. 

annual to centennial). Common ice margin geomorphology is summarised and briefly 

described to illustrate the methods and evidence used to reconstruct ice margin extent 

and evolution, and highlights under-utilised geomorphology such as DGMs which may 

provide a more detailed record of ice margin retreat. A detailed review of DGMs is then 

provided, discussing the current knowledge and ideas surrounding spatial and temporal 

formation properties, as well as current utility within ice sheet reconstructions. 

Similarities between DGMs and Crevasse-Squeeze Ridges (CSRs) are highlighted which 

have historically presented challenges when attempting to constrain DGM formation. As 

such, CSRs are also discussed in detail, of which comparative analyses between DGMs and 

CSRs are later presented in chapter 4. Finally, a review of the extent and evolution of the 

former FIS since the Last Glacial Maximum (LGM) is outlined, along with a more detailed 

contextualisation of the specific study area, southwest Finland. 

 

2.1 Importance of ice sheet reconstructions 

Ice sheets and glaciers collectively comprise the cryosphere, a key component of the 

integrated Earth system, and are a sensitive (albeit complex) indicator of climate change 

(Benn & Evans, 2010; Knight, 1999; Passchier, 2018; Vaughn, 2009). Ice sheets are the 

largest ice masses within the cryosphere and impose direct controls over sea level 

fluctuations and climate (Knight, 1999; Passchier, 2018; Sinet et al., 2023 & 2024). These 

are dynamic systems influenced by a number of interdependent controls such as: eustatic 

and isostatic sea level change, local and regional climate, natural and anthropogenic 

climate forcings, ocean tides, bedrock lithology, and topographic relief (Benn & Evans, 

2010; Knight, 1999). Ice sheet configuration generally comprises a central region of 

greater mass, whereby major flow patterns are mostly controlled by ice flow properties 

rather than topographic constraints, and outer regions that are characterised by thinner, 
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faster moving ice flows that are more sensitive to localised topography and climate 

controls (Benn & Evans, 2010; Knight, 1999). Generally, the outer sectors of ice sheets can 

be classified into either ice streams or glacial outlet lobes that are interspersed with areas 

of slower ice flows depending on topography and bedrock lithology (Benn & Evans, 2010; 

Hambrey, 1994; Knight, 1999). 

Contemporary ice sheets have continued to retreat and lose mass in response to 

oceanic and climatic warming since the early Holocene (Anderson et al., 2002; Alley et al., 

2010; Passchier, 2018). In more recent years, climatic warming and subsequent ice sheet 

retreat has accelerated instigating large research efforts to understand and project future 

impacts (IPCC, 2023). Whilst observations of contemporary ice sheets are critical for 

attempting to constrain responses to climatic warming, observations of palaeo-ice sheets 

can provide detailed information over much longer timescales which is useful for 

improving understanding of historic ice mass evolution, and for providing context to 

observed contemporary changes (Clark et al., 2022).  

As ice sheets melt and disintegrate, they leave behind landscape evidence that 

preserves evolution across large areas (Benn & Evans, 2010; Embleton & King, 1968). This 

evidence can be used to reconstruct the behaviour of palaeo-ice masses through space 

and time using a glacial-inversion method (Kleman & Borgström, 1996; Kleman et al., 

2006; Pearce et al., 2017; Stokes et al., 2015) which can be used to make inferences about 

changes in ice volume, ice-margin extent, configuration, flow and retreat dynamics. As 

such, reconstructions of palaeo-ice sheets have become an important analogue in which 

to understand deglaciation dynamics, and in turn can be used to inform numerical models 

allowing more accurate assessments of changes in contemporary ice masses to be derived 

(Batchelor et al., 2019; Boulton et al., 1985; Boyes et al., 2023; Clark et al., 2022; Ely et 

al., 2015; Gandy et al., 2018; Gowan et al., 2021; Hughes et al., 2016; Kleman et al., 1997 

& 2006; Stokes et al., 2015; Stroeven et al., 2016).  

It should be noted that ice sheet reconstructions differ in scale and purpose, with local 

reconstructions offering detailed insights into specific dynamic processes, while wider 

reconstructions focus on regional ice extent and overall retreat patterns. Local studies, 

such as those by Szuman et al. (2024) and Ploeg & Stroeven (2025), reveal nuanced 

behaviours like ice streaming and complex retreat sequences in regions like the Baltic Ice 
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Stream Complex, shedding light on subglacial hydrology, ice-flow reorganization, and 

faulting. Similarly, research by Regnéll et al. (2023) and Lunkka (2023) explores the role of 

ice-dammed lakes in central Jämtland and southern Finland, respectively, linking lake 

drainage events to dynamic ice margin fluctuations. These reconstructions contrast with 

wider-scale syntheses (e.g. Hughes et al., 2016; Saarnisto & Saarinen, 2001; Stroeven et 

al., 2016), which map large-scale ice sheet configurations and margins. Localised studies 

are critical for refining models of deglaciation and for understanding the complex, 

heterogeneous nature of ice sheet retreat. 

In addition to understanding changes in ice volume and ice margin extent, palaeo-ice 

sheet reconstructions are also critical for understanding the mechanisms associated with 

sea-level fluctuations, glacio-isostatic adjustment, oceanic circulation and freshwater 

forcings of climate change (Berends et al., 2021; Bradley et al., 2023; Carlson, 2011; 

Carlson & Clark, 2012; Stokes et al., 2015). For example, Carlson & Clark (2012) used 

geological records, estimated glacial isostatic adjustment effects, and model derived ice-

equivalent sea levels, to examine the history of meltwater discharge and freshwater 

routings for Northern Hemisphere and Antarctic ice sheets. This allowed relationships to 

be investigated relative to periods of abrupt climate change and enabled timings and 

magnitude of sea level rise to be constrained. Inversely, global ice volume can be informed 

by fluctuations in sea level (Berends et al., 2021; Bradley et al., 2023; Carlson, 2011). 

Bradwell et al. (2023) demonstrate how relative sea level records can be tested against 

various plausible ice thickness estimates to distinguish between different glaciation 

scenarios and used to test ice sheet reconstructions. These integrated ice sheet-sea level 

reconstructions, when reconciled with palaeo-climate records, can provide very well-

constrained information relative to interconnected dynamics within the cryospheric-

oceanic-climatic system. 

A second valuable attribute of palaeo-ice sheet reconstructions is related to the role 

of ice streams. Given the importance of high-velocity ice streaming to ice sheet mass 

balance and stability, palaeo-ice streams have become a vital parameter within ice sheet 

reconstructions and numerical models (Stokes & Clark, 2001; Gandy et al., 2018; 

Hemming, 2004; Clark et al., 2012; Margold et al., 2015). Reconstructions of palaeo-ice 

stream activity can provide new insights into the long-term behaviour of ice streams and 
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their potential forcings on overall ice sheet reduction (Gandy et al., 2018; Stokes et al., 

2015). For example, investigations of ice stream indicative geomorphology have enabled 

abrupt changes in the trajectory of palaeo-ice streams, known as ‘flow switching’, to be 

identified, which has been attributed to internal changes in ice-sheet dynamics and 

sustained sediment deposition (Dowdeswell et al., 2006; Winsborrow et al., 2012). This 

‘flow switching’ mechanism has been linked to bed topography constraints and may 

modulate grounding line responses to changes in sea level. Furthermore, this mechanism 

is suggested to be an important control on the long-term behaviour of marine-based ice 

streams and outlet glaciers in contemporary ice sheets (Winsborrow et al., 2012) and may 

provide valuable information when assessing areas of vulnerability. 

A third example illustrating the importance of palaeo-ice sheet reconstructions is the 

potential that they can offer in terms of assessing the duration and magnitude of ice sheet 

instabilities (Gandy et al., 2018; Kleman & Applegate, 2014; Stokes et al., 2015). Such 

instabilities include Marine Ice Sheet Instability (MISI) (Schoof, 2007; Weertman, 1974) 

and Marine Ice Cliff Instability (MICI) (Benn et al., 2019; Crawford et al, 2021). The idea of 

MISI can be understood whereby if the grounding line retreats across an adverse slope, 

the thinning rate will increase, because the thickness of the ice at a retreating grounding 

line must increase (Schoof, 2007; Stokes et al., 2015; Weertman, 1974). This subsequently 

gives rise to the possibility of a grounding-line instability. Recent years have seen an 

increased focus on improving the modelling accuracy of MISI where the bed is 

substantially grounded below sea level (Schoof, 2007; Nick et al., 2010; Docquier et al., 

2011; Feldmann et al., 2014). An important aspect of grounding-line modelling is 

quantifying the thickness of ice sheets in the past to constrain grounding line position, 

migration and volume. If palaeo-ice sheet thickness records are accurately constrained, 

these can be integrated with numerical models and physical law-based formulas (e.g. the 

Schoof flux formula (Schoof, 2007) and ‘calving laws’ (Benn et al., 2007; Nick et al., 2010)) 

to calculate flux and identify potential instabilities (e.g. MISI) within contemporary ice 

sheets. 

 

2.2 Spatial & temporal resolutions of ice sheet reconstructions 

The primary aims of ice sheet reconstructions are to constrain ice mass extent and 

volume, rates of ice mass fluctuation, flow dynamics, and relative palaeo-climate 
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parameters (Pearce et al., 2017; Stokes et al., 2015). This presents a spatiotemporal 

challenge that can only be resolved via the integration of geomorphological and 

geochronological evidence (Benn & Evans, 2010; Chandler et al., 2018).  Resolutions of 

ice sheet reconstructions are an important consideration and can present challenges in 

both spatial and temporal domains. 

Geomorphological mapping provides a foundational framework for establishing the 

spatial extent and evolution of palaeo-ice sheets (Chandler et al., 2018). Observations of 

contemporary glaciers demonstrate that they produce a wide range of geomorphology 

that can be used as proxies for ice extent and behaviour. Landforms that are particularly 

useful for this purpose include ice-marginal features, which delineate ice extent, and 

subglacial bedforms, which indicate flow patterns, behaviour, and direction (Pearce et al., 

2017). In addition, the study of landform assemblages allows depiction of more detailed 

flow pattern configurations (Ely, 2015; Ely et al., 2017; Ely et al., 2023; Hughes et al., 

2014; Mangerud et al., 2019). Following geomorphological mapping, an ice sheet can be 

reconstructed using a ‘glacial inversion model’, which refers to a set of assumptions that 

allow palaeo-glaciological inferences to be made from the geomorphological record 

(Clark et al., 2012; Kleman & Borgström, 1996; Pearce et al., 2017; Stokes & Clark, 1999; 

Stokes et al., 2009).   

Once the spatial extent of ice sheets has been determined from landform evidence, a 

chronology of formation must be developed to delineate evolution through time. This 

involves using a variety of numerical dating methods, such as; absolute dating techniques, 

which may include radiocarbon dating and cosmogenic nuclide exposure-age dating to 

quantify an exposure/burial date, and/or relative dating techniques such as lichenometry, 

palaeomagnetic dating and/or principles of landform superposition to produce flowsets 

that constrain passage of time (Davies, 2022; Walker, 2005; Stokes et al., 2009). This 

allows both the spatial and temporal extents of ice to be accurately reconstructed. 

Significantly, these spatiotemporal constraints can be reconciled with palaeo-climate 

records (e.g. the Greenland ice core records and sea level reconstructions), which enable 

correlation between ice evolution and climatic change (Hughes et al., 2016; Stroeven et 

al., 2016). This is extremely valuable for understanding and projecting the evolution of 

contemporary ice sheets.  
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The spatial and temporal resolutions of ice sheet reconstructions are critical and 

determine the quality of our understanding of important processes such as ice streaming 

(Bennett, 2003; Clark et al., 2003; Robel & Tziperman, 2016) and instabilities (e.g. MISI) 

(Passchier, 2018; Schoof, 2007; Rignot et al., 2014; Weertman, 1974), and their roles 

relative to deglaciation. As discussed in section 2.1, ice streaming and ice shelf instabilities 

can be understood and potentially projected by integrating empirical evidence with 

numerical modelling (Gandy et al., 2018). One of the challenges when attempting to 

constrain these processes is the disparities in resolutions between datasets. 

Contemporary observations demonstrate that ice streaming and instability processes 

occur and evolve across a range of timescales (e.g. annual and decadal, as well as 

centennial and millennial), and therefore insights derived from palaeo-reconstructions 

may be limited by their resolution. For example, resolutions of ice sheet reconstructions 

may vary between >2 000 – 100 years depending on the availability of geomorphological 

evidence (Clark et al., 2022; Gowan et al., 2021, Greenwood & Clark, 2009; Hughes et al., 

2016; Stroeven et al., 2016). As such, it may be difficult to reconcile observational data at 

annual resolutions with palaeo-data constrained to >100-year intervals, thus highlighting 

the need to increase resolutions of palaeo-ice sheet reconstruction. 

Increasing resolutions of palaeo-ice sheet reconstructions presents a difficult 

challenge to overcome, with solutions often relating to absolute dating and numerical 

modelling methods (Dalton et al., 2020; Ely et al., 2024). Given the fundamental 

requirement of a geomorphological framework, additional solutions would be to: (1) 

increase the input geomorphological dataset (increasing spatial resolution) (2) increase 

frequency of absolute chronological ages, and (3) to seek out alternative landforms that 

can delineate ice margin retreat at more regular time intervals (increasing temporal 

resolution). Each of these approaches are discussed below.  

 

2.2.1 Increase the input geomorphological dataset 

Historically, geomorphological data have been acquired via field mapping and aerial 

photography (Chandler et al., 2018; Clark, 1997). These methods are generally expensive, 

time-consuming, and often limited by inaccessibility, resulting in small and under-

representative datasets that are more suited to specific research focuses (Clark, 1997). 

Reconstructions have been developed using such data, producing largely accurate 



 
 

12 
 

reconstructions; yet they can lack nuance and detail (Prest et al., 1968). This has been a 

limiting factor for wider scale ice sheet reconstructions; however, advances in technology 

(e.g. remote sensing instrumentation) have provided a means to overcome these 

limitations. Satellite imagery and Digital Elevation Models (DEMs) that were developed in 

late 20th century have enabled the acquisition of geomorphological evidence across large 

areas with relative ease, and at low cost (Chandler et al., 2018; Clark, 1997; Johnson et 

al., 2015). This has proved very successful and has reinvigorated research in glacial 

geomorphology and understanding of palaeo-ice sheets (Boulton & Clark, 1990; Clark, 

1993; Clark, 1997; Dulfer et al., 2022; Hughes et al., 2014; Kleman et al., 2010; Margold 

et al., 2018; Stroeven et al., 2016; Winsborrow et al., 2010); however, the spatial 

resolution of remote imagery determines the accuracy of landform observations. This 

presents an additional obstacle when trying to develop very detailed ice marginal 

reconstructions. 

Over the past decade, continued advancements in image sensors have resulted in the 

production of Digital Elevation Model (DEM) data characterised by very high spatial 

resolutions (e.g. 2 m LiDAR (Light Detection and Ranging)) (Chandler et al., 2018; Johnson 

et al., 2015). This has enabled researchers to collect and analyse geomorphological data 

in much finer detail than ever before (Bouvier et al., 2015; Eilertsen et al., 2015; 

Greenwood et al., 2015; Johnson et al., 2015; Öhrling et al., 2018; Ojala et al., 2015 & 

2016;). In addition, developments in Geographical Information Systems (GIS) have 

resulted in sophisticated analysis methods that can provide more robust and nuanced 

insights into geomorphic processes (Chandler et al., 2018). 

2.2.2 Increase frequency of absolute chronological ages 

Increasing the frequency/spatial density of absolute chronological ages has proved very 

effective for constraining the temporal resolutions of ice sheet reconstructions (e.g. 

Dalton et al., 2020 & 2023, Hughes et al., 2016; Stroeven et al., 2016). Essentially, 

absolute chronological dating can provide a numerical-age estimate for a landform 

(Hubbard & Glasser, 2005; Walker, 2005). There are several techniques for acquiring 

absolute chronological ages; although each of these techniques typically involves the 

collection of field samples followed by laboratory analyses (Walker, 2005). As such, the 

work involved for absolute dating can be labour intensive, depending on the required 
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field samples and accessibility of study areas, and expensive when considering laboratory 

costs - particularly if the goal is to establish many ages. Another complication with 

absolute dating methods is that the precision of dates is typically limited to a few 

centuries, at best, which is amplified by the additional uncertainties associated with age-

estimate errors (Walker, 2005). This reverts to the original issue of restricted temporal 

resolutions within ice sheet reconstructions.  

2.2.3 Seek out alternative landforms 

Ice-marginal landforms such as moraines, proglacial outwash fans and ice-dammed lakes 

are particularly informative for ice sheet reconstructions because they delineate ice 

extent. To maximise the utility of such evidence, it is important to be able to distinguish 

between the vast range of ice-marginal landforms and understand how they relate to the 

ice margin through time. Currently, the dominant ice marginal landforms used in ice sheet 

reconstructions are large-scale major moraine belts (e.g. Stroeven et al., 2016), and 

often, other less-prominent ice marginal landforms such as DGMs (that are known to 

occur in some locations with a high degree of regularity) are overlooked and not used to 

inform ice margin evolution. The detailed information that less-prominent landforms can 

provide is demonstrated in a study by Batchelor et al., (2023), whereby corrugation ridges 

(FIGURE 2.1) have been shown to record retreat rates at very high-resolution diurnal 

timescales. 
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FIGURE 2.1. Corrugation ridges on the mid-Norwegian margin. A) Map showing high-

resolution bathymetric data coverage and corrugation ridge spacing along measured 

transects in study; b) Corrugation ridges in mid-Trænadjupet; c) Corrugation ridges in 

inner Sklinnadjupet; d) Corrugation ridges in inner Sklinnadjupet [source: Batchelor et al., 

2023]. 

By focusing efforts to increase both spatial and temporal resolutions of ice margin 

reconstructions, it may be possible to reconstruct former ice sheets at unprecedented 

resolutions, particularly by exploiting more subtle landforms (Batchelor et al., 2023; 

Hogan et al., 2023). This will not only improve the current understanding of former ice 

mass evolution but may also provide more reliable constraints for models of 

contemporary ice sheet change.   

2.3 Geomorphological indicators in ice sheet reconstructions 

There are a variety of landforms that are used as extent and flow indicators within ice 

sheet reconstructions. These are generally subcategorised into either subglacial or ice 

marginal features, with each feature providing unique glaciological information relative to 

its mode of formation. This section focuses on ice marginal features only to retain 

relevance and focus within the scope of this project, and provides a brief description and 

overview of the key landforms used in ice margin reconstructions.  
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2.3.1 Ice marginal features 

At the margins of glacial ice, sediments are deposited and eroded through a variety of 

processes (Benn & Evans, 2010; Embleton & King, 1968). As ice-marginal sediments 

accumulate, landforms develop that generally preserve the extent and configuration of 

the ice margin at a given moment in time. Ice-marginal formations can preserve both the 

lateral and frontal extent of glacial ice which in turn can provide key information regarding 

retreat patterns. Ice marginal features vary considerably, ranging from grounding-line fans 

and shorelines to channels and moraines. Whilst ice marginal landforms are useful for 

delineating ice margin extent and evolution, challenges associated with ice margin 

readvances, overriding and preservation potential should also be acknowledged. 

2.3.1.1 Outwash fans 

Meltwater flowing from glaciers, often in the form of braided stream networks, deposit 

sediment as outwash fans beyond the ice margin within proglacial areas (Kruger, 1997; 

Taylor, 2014) (FIGURE 2.2). Extensive outwash fans (aka. sandar) are typically fed by high 

energy streams from beneath the ice. These are often composed of coarse-grained 

sediments in their proximal parts (closest to the source of deposition) such as pebbles, 

cobbles and boulders; and finer-grained sediments such as sands, silts and clays in the 

distal parts as transportation energy decreases (Krüger, 1997). Extensive outwash fans 

such as these can provide a record of long-term accumulation of proglacial outwash and 

can impose significant influence over proglacial drainage patterns and development of 

proglacial landform-assemblages (Evans & Orton, 2015).  
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FIGURE 2.2. Outwash plain, Charlesbreen, Svalbard [source: Taylor, 2024]. 
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In contrast, minor outwash fans fed by supraglacial streams tend to lack the proximal-

to-distal transition described above and tend to yield finer-grained sediments due to a 

lower transportation capacity (Kjær et al., 2004; Krüger, 1997). Minor outwash fans (aka. 

hochsander fans) are said to be characteristic of advancing or stationary glaciers, and 

formation is likely to cease during periods of retreat (Kjær et al., 2004; Krüger, 1997). 

Studies have shown that the vertical texture variations and sedimentation rates in 

outwash fans can reflect processes such as changes in influx of rainwater and ablation 

(Krüger, 1994 & 1997). 

2.3.1.2 Grounding zone wedges 

Grounding zone wedges (GZWs) are asymmetric depositional landforms which form via 

rapid accumulation of subglacial tills at the grounding zone of marine-terminating ice 

sheets during standstills in retreat (Batchelor & Dowdeswell, 2015; Dowdeswell et al., 

2016; Konal & Worster, 2020; Mosola & Anderson, 2006; Dowdeswell & Fugelli, 2012). 

They are typically tens of metres thick and tens of kilometres in length. The wedges thin 

in an ice-proximal direction and usually form subdued transverse-to-flow ridges. These 

landforms can usually be distinguished from other similar transverse ridges formed at the 

grounding zone (e.g. moraine ridges and ice-proximal fans) by their subdued appearance 

due to constrained vertical accommodation space by floating ice shelves immediately 

beyond the grounding zone (Batchelor & Dowdeswell, 2015).  

GZWs are suggested to require high rates of sediment delivery to a relatively stable 

fast-flowing ice margin (Batchelor & Dowdeswell, 2015). As such they have often been 

attributed to typical ice-stream landform assemblages and may provide insights relative 

to flow and retreat dynamics, as well as continental shelf geometry (Batchelor & 

Dowdeswell, 2015; Dowdeswell & Fugelli, 2012). In addition, the asymmetric geometry of 

GZWs (e.g. steeper distal side) enables the former direction of ice flow to be established 

(Batchelor & Dowdeswell, 2015). It is also suggested that the development of GZWs may 

provide stability against rapid ice margin retreat (Alley et al., 2007; Dowdeswell et al., 

2016) (FIGURE 2.3). 
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FIGURE 2.3. Diagram illustrating the formation controls of GZWs at high-latitude 

continental margins [source: Batchelor & Dowdeswell, 2015]. 

2.3.1.3 Trough mouth fans 

Trough mouth fans (TMFs) are fans at the mouth of transverse troughs/channels on 

glaciated continental shelves formed by glaciogenic sediment delivery from fast-flowing 

outlets (Bellwald et al., 2020; Dowdeswell & Elverhøi, 2002; Rydningen et al., 2015; 

Vorren et al., 1988, 1989, 1997). TMFs are products of repeated glaciogenic sediment 

delivery, and it is suggested that the number of debris-flow units within these fans record 

the number of shelf break-positions of ice sheet margins (Bellwald et al., 2020; Rydningen 

et al., 2015; Vorren et al., 1989 & 1997). As such, TMFs can act as relatively high-resolution 

palaeo-climate and ice sheet monitors, and have proven particularly important when 

reconstructing pre-Weichselian glaciations and understanding glacial-interglacial cycles 

(Bellwald et al., 2020 (FIGURE 2.4).
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FIGURE 2.4. conceptual models of high-gradient (A) and low-gradient (B) trough mouth 

fans [source: Rydningen et al., 2015]. 

2.3.1.4 Corrugation ridges 

Corrugation ridges are extremely regular, low-amplitude (<1.5 m high) landforms formed 

at the grounding lines of retreating ice shelves (Batchelor et al., 2023; Hogan et al., 2023; 

Jakobsson et al., 2011; Jakobson & Anderson, 2016; Graham et al., 2013.) (FIGURE 2.5). 



 
 

19 
 

 

 

FIGURE 2.5. Conceptual sketches illustrating formation mechanisms for corrugation ridges 

[source: Jakobsson et al., 2011]. 

Several formation mechanisms have been explored for corrugation ridges; however, 

the extreme regularity of these ridges has been suggested to rule out formation as 

seasonal recessional moraines or DGMs (Jakobsson et al., 2011; Jakobson & Anderson, 

2016). The sediment cores of corrugation ridges comprise poorly sorted glacial diamicton 

and glacial marine sandy clays, indicating that a current-influenced formation may also be 

excluded (Jakobsson et al., 2011; Jakobson & Anderson, 2016; Graham et al., 2013). Due 
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to their identification within iceberg plough marks and furrows, the ridges were 

thought to have been formed at the trailing edge of mega-icebergs moving up and down 

in response to tides while ploughing the seafloor (Andreassen et al., 2014; Graham et al., 

2013; Jakobsson & Anderson, 2016; Jakobsson et al., 2011). More recently, Hogan et al. 

(2023) proposed three formation models for corrugation ridges at tidally migrating 

grounding lines whereby each ridge is formed by either: constant till flux to the grounding 

line, till extrusion from beneath the grounding line, or the resuspension and transport of 

grains from the grounding zone bed. Whilst corrugation ridges may form in slightly 

different environments, for example behind icebergs or beneath a fractured ice stream, it 

is the vertical and rhythmic tidal motion that is the common denominator for formation 

(Jakobsson & Anderson, 2016). As these ridges are a product of tidally induced 

accumulation of sediments at the grounding line, these ridges can provide very high-

resolution records of grounding line motion at subdiurnal to diurnal timescales (Batchelor 

et al., 2023 & Hogan et al., 2023).  

2.3.1.5 Ice-marginal moraines 

Ice-marginal moraines can be subclassified as: 1) proglacial glaciotectonic landforms; 2) 

push and squeeze moraines; 3) dump moraines and ice-marginal aprons; and 4) latero-

frontal fans and ramps (Benn & Evans, 2010; Knight, 1999). A moraine ridge formed at the 

outermost terminal margin of glacial ice is often referred to as an end or terminal moraine 

(e.g. Salpausselkä moraines (FIGURE 2.6)), with similar smaller moraines associated with 

retreating ice often referred to as recessional moraines (Benn & Evans, 2010; Chandler et 

al., 2016; Simkins et al., 2018). As sediments are typically deposited during readvances, 

or periods of quiescence, if there are several parallel frontal moraines that are 

interspersed with lower-relief areas of non-deposition, the assemblage can be used to 

reconstruct patterns and rates of ice margin retreat (Chandler et al., 2016; Simkins et al., 

2018). That being said, accurate distinction between different types of ice marginal ridges 

is critical due to the different processes from which they originate (Benn & Evans, 2010; 

Embleton & King, 1968).  
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FIGURE 2.6. Location map showing the major end moraines around Fennoscandia. Black 

box indicates the location of the First, Second and Third Salpausselkäs in southern Finland 

[source: Lunkka et al., 2020]. 

 

2.3.1.6 Ice-dammed lakes 

Ice-dammed lakes are formed where ice margins block the natural drainage of proglacial 

outlets (Benn & Evans, 2010). The lifespan of an ice-dammed lake is dictated by the 

presence of ice with drainage occurring upon ice retreat. Evidence of former ice-dammed 

lakes may present in the form of erosional/depositional shorelines, grounding-line fans, 

and overflow channels, and can be used as indicators for reconstructing ice marginal 

retreat patterns (Stroeven et al., 2016; Lundqvist, 1972; Teller, 2003). Notable examples 

of large palaeo ice-dammed lakes are shown in FIGURE 2.7, namely the Baltic Ice Lake 

(BIL) and the White Sea Ice Lake (WSIL) that developed along the south-eastern margins 
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of the former FIS (also sometimes referred to as the Scandinavian Ice Sheet (SIS)) (Björk, 

1995; Regnéll et al., 2023). 

 

 

FIGURE 2.7. Image showing the extent and position of the former Baltic Ice Lake and White 

Sea Ice Lake at approximately (~12 300 – 11 600 ka BP (Donner, 2010)) positioned along 

the southeast margins of the former Scandinavian Ice Sheet (SIS) [source: Lunkka, 2023]. 

 

2.3.1.7 Ice-marginal meltwater channels 

Meltwater produced at the surface of ice, as well as rainfall, can drain to glacier margins 

either supraglacially, englacially, or subglacially. Eventually the meltwater will reach the 

ice margin where it drains along the margins between ice and elevated ground (Stroeven 

et al., 2016). This ice marginal drainage usually occurs within the ablation area of glaciers 

and is commonly associated with polythermal and/or cold-based ice when meltwater 

drainage to the bed is restricted (Benn & Evans, 2010; Davies, 2020). These meltwater 

channels may track the lateral and terminal margins of the ice, therefore preserving a
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record of retreat (FIGURE 2.8) (Greenwood et al., 2007; Margold et al., 2013; Benn & 

Evans, 2010). 
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FIGURE 2.8.  Palaeo-ice-marginal meltwater channel in the summer areas of Hazelton Mountains [source: Margold et al., 2013]. 

 

 

 

 

 

 



 
 

25 
 

2.3.1.8 Thrust-block moraines 

Thrust-block moraines (also referred to as composite ridges) are ice-marginal proglacial 

tectonic landforms, whereby proglacial and submarginal sediments are displaced due to 

stresses imposed by glacial ice, usually involving ductile and/or brittle deformation 

(FIGURE 2.9) (Benn & Evans, 2010; Benediktsson et al., 2009; Evans, 1991). These 

landforms can be described as imbricated ridges composed of contorted bedrock and 

unconsolidated sediments that have been thrust upwards in a stacked configuration 

(Benn & Evans, 2010). These ridges are commonly inter-layered and overlain by 

glaciofluvial sediments (Benn & Evans, 2010; Benediktsson et al., 2009; Evans, 1991). The 

processes involved in the formation of thrust-block moraines are generally characterised 

by unidirectional bulldozing and/or pushing (Benn & Evans, 2010). As these ridges are 

formed at the ice margin by proglacial and sub-marginal tectonic processes, they may 

provide an indication of glacier readvances and standstills; although individual ridges do 

not record the precise location of an ice margin in the same way that push moraines do 

(Benn & Evans 2010). 
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FIGURE 2.9.  Proglacial moraine complex characterised by thrust-block moraines at the margin of the Leverett Glacier, western Greenland [source: Waller, 

2013]. 
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2.4 A review of the literature on DGM formation 

DGMs are the central focus of this project due to their regular appearance and suggested 

ice margin depositional environment. These narrow and elongate ridges were first 

observed in Sweden by De Geer in 1889 (De Geer, 1889 & 1940). They typically occur in 

successive swarms, with either regular or irregular arrangements (FIGURE 2.10) and are 

often separated by varved silt and clay (Ojala et al., 2015 & 2016). DGMs are most 

common in low-lying terrains, below the highest shoreline of proglacial lakes/seas 

(Hoppe, 1959; Embleton & King, 1968; Lindén & Möller, 2005; Ojala et al., 2015 & 2016; 

Larsen et al., 1991; Bouvier et al., 2015; Finlayson et al., 2007; Lundqvist, 1981); although 

observations have also been made in mountainous-valley, lacustrine environments 

(Borgström, 1979; Golledge & Phillips, 2008).  

 

Regarding geomorphological appearance, DGMs can generally be subclassified as 

prominent (regular) and intermediate (irregular) moraines when observed relative to 

each other (Bouvier et al., 2015; Ojala et al., 2015; Ojala, 2016). Prominent DGMs are 

generally found to be larger and more regularly spaced (FIGURE 2.10B, C & D), whereas 

intermediate DGMs are lower amplitude, less sinuous and irregularly spaced (FIGURE 

2.10A). NB: considerations should however be made for factors such as postglacial 

reworkings and topographical controls.  
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 FIGURE 2.10. Digital Elevation Model capturing distinct and regular De Geer moraine 

landforms situated in SW Finland: A) Södra Vallgrund, B) Koskela, C) Kaidanpää, D) 

Ruokojärvi [source: Ojala et al., 2015].  

 

DGM morphometrics are generally reported as: 0.5-3 m (<15) in height, 5-25 m in 

width (can be up to 50 m wide (Sollid, 1989)), and 50-1 000 m in length (although can 

reach up to several km) (Ojala et al., 2015; Zilliacus, 1989; Benn & Evans, 2010; Hoppe, 

1959). Individual ridges can manifest as linear, concave, or convex in profile, depending 

on local topographic controls, and have been observed with both cross-sectional 

symmetric and asymmetric properties, often displaying a steeper distal side (Hoppe, 

1959; Golledge & Phillips et al., 2008; Ojala et al., 2015).  
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The sedimentological composition of DGMs has been suggested to comprise large 

diamicton units (unconsolidated / unsorted material), with some interspersions of 

stratified laminations of sand, silt, and gravel (Blake, 2000; Golledge & Phillips, 2008; 

Lindén & Möller, 2005; Larsen et al., 1991). DGMs can also be observed with a veneer of 

ablation till, which can prove problematic for landform identification (Ojala et al., 2015).  

Cross-sectional analyses report variability in both sedimentological composition and 

fabric between proximal and distal edges, which has been suggested to reflect the 

different formation mechanics across a single ridge (Beaudry & Prichonnet, 1991 & 1995). 

For example, internal sedimentary architecture can show evidence of pressurised 

deformation mechanics (Lindén & Möller, 2005; Golledge & Phillips, 2008; Embleton & 

King, 1968; Beaudry & Prichonnet, 1991 & 1995; Larsen et al., 1991), whilst intercalated 

sedimentary laminations have been suggested to be influenced by proximity to 

meltwater streams and fluvial dynamics (Blake, 2000).  

The origin of DGMs has been extensively debated since their first description, with 

both spatial and temporal characteristics heavily contended. A review of existing 

literature highlights two dominant formation methods which are described below.   

2.4.1 DGM formation hypothesis (1) 

This formation hypothesis can be described as a sub-aqueous, ice-marginal process 

characterised by the advection and push of basal till to the grounding-line during seasonal 

advances. Upward buoyancy strains on the ice lead to calving thus preserving deposited 

material (Smith, 1982; Smith & Hunter, 1989; Blake, 2000; Finlayson et al., 2007; Larsen 

et al., 1991; Lindén & Möller, 2005; Borgström, 1979; Golledge et al., 2008; Aartolahti et 

al., 1995; Dix & Duck, 2000) (FIGURE 2.11). This theory suggests that DGMs may provide 

a detailed record of ice marginal retreat.  
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FIGURE 2.11. Schematic diagram of DGM formation hypothesis (1). A sub-aqueous ice-marginal process by which subglacial sediment is advected toward 

and deposited at the grounding line.  
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2.4.2  DGM formation hypothesis (2) 

This formation hypothesis can be described as a sub-glacial process characterised by the 

squeezing of sediments into basal or full-depth crevasses (Beaudry & Prichonnet, 1991 & 

1995; Sharp, 1985; Strömberg, 1965; Zilliacus, 1989) (FIGURE 2.12). This method suggests 

that crevasses are formed behind the ice margin due to enhanced flow and basal 

sediments are squeezed up into the crevasses, thus forming landforms referred to as 

‘crevasse-squeeze ridges’ (CSRs). Preservation of these landforms would require the 

surrounding ice to be either lifted from the bed, proceeded by calving, or by rapid down-

wasting. Significantly, this formation method implies synchronous formation between 

ridges, and therefore nullifies any temporal attributes relative to ice margin dynamics.   
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FIGURE 2.12. Schematic diagram of DGM ‘crevasse-squeeze ridge’ formation hypothesis (2). Diagram illustrates the squeezing of sediments into subglacial 

crevasses formed behind the ice margin.  
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A variation of the crevasse infill method (DGM formation hypothesis (2)) is the 

injection of sediment-laden meltwater which transports and deposits material into basal 

crevasses via meltwater conduits (Beaudry & Prichonnet 1991 & 1995; Evans et al., 2022; 

Sollid, 1989) (FIGURE 2.13). It is likely, however, that these types of ridges are equifinal, 

forming via a combination of pressurised squeeze-up and injection processes. 
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FIGURE 2.13. Schematic diagram of DGM ‘channelised meltwater conduit’ formation theory. Diagram illustrates meltwater drainage via surface 

crevasses. Sediments are then deposited within basal crevasses behind the ice margin via sediment-laden meltwater conduits. 
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The contrasting formation hypotheses highlight the difficulty in distinguishing 

between DGM and CSR landforms. Whilst some researchers may lean toward a specific 

hypothesis, many studies suggest a degree of equifinality, whereby DGMs may be formed 

via a combination of methods (Bouvier et al., 2015; Larsen et al., 1991; Smith & Hunter. 

1989; Möller, 1962; Hoppe, 1959; Lundqvist, 1981). In addition, temporal properties of 

DGMs remain highly ambiguous. Some studies suggest annual formation, with a single 

ridge being formed during a winter readvance (Bouvier et al., 2015; De Geer, 1940; Smith, 

1982; Sollid & Carlsson, 1984); whilst others suggest sub-annual formation whereby 

multiple ridges may form within a single season (Blake, 2000; Bouvier et al., 2015; Larsen 

et al., 1991; Smith & Hunter, 1989; Möller, 1962).  Despite this, previous correlative 

studies between varved clay-based deglaciation and DGM interdistances indicate that 

annual rates of deglaciation and proglacial water-depths are likely to be involved in the 

DGM forming process (Ojala et al., 2015; Ojala, 2016); however, more thorough 

comparative work was suggested.  

  

2.4.3 DGMs in ice sheet reconstructions  

DGMs are significantly under-utilised within ice sheet reconstructions. Whilst some 

reconstructions acknowledge DGM evidence, due to the uncertainties surrounding 

genesis, utility is often limited to delineate spatial patterns of retreat only (Hughes et al., 

2016; Stroeven et al., 2016). To our knowledge, DGMs have not been used as 

geochronometric ice margin indicators. As highlighted, these landforms are a potential 

rich source of both spatial and temporal information due to their regularity, and thereby 

affirm the value in accurately constraining these landforms to maximise reconstruction 

utility.  

  

2.5 Crevasse-squeeze ridges 

CSRs are deposits formed within fractured ice, often preserving the spatial pattern of 

crevassing (Benn & Evans, 2010). CSRs can provide important information concerning 

subglacial processes, which can be extrapolated to assist with understanding 

contemporary ice sheet behaviour (Evans et al., 2016; Rea & Evans, 2011) (FIGURE 2.14). 
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FIGURE 2.14. Aerial images of CSR landforms (arrows indicate ice flow direction). A) 

Kjerulfbreen, Trygghamna, Svalbard; B) Brúarjökull, Iceland; C) submarine geometric 

ridges, Wahlenbergbreen, Yoldiabukta, Svalbard; and D) Sefströmbreen, Brevika, Svalbard 

[source: Ben-Yehoshua, 2017].  

 

CSRs can be described as relatively low-relief, straight, narrow, and sharp-crested 

ridges. They pertain a highly variable spatial distribution that can range from distinct 

geometrical, rhombohedral, cross-cutting/intersecting patterns (Lovell et al., 2015; 

Solheim, 1991; Ottesen & Dowdeswell, 2006; Ottesen et al., 2008), to linear ridges 

orientated oblique to former ice flow (Clapperton, 1975; Sharp, 1985). As CSRs are 

suggested to be a preservation of the spatial extent of crevasse cavities, it should be 

noted that crevasses evolve and deform with ice flow and therefore CSR comparisons 

with contemporary crevassing studies may reflect this process (Price & Whillans, 2001; 

Whillans & van der Veen, 2001).
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Environmental parameters appear to play a role in both preservation potential and 

spatial distribution. CSR observations in marine settings tend to be larger in 

morphometry, particularly in height, which is suggested to be due to protection from 

subaerial exposure and postglacial reworkings (Lovell et al., 2014; Farnsworth et al., 2016; 

Ottesen et al., 2016; Boulton et al., 1996; Ottesen et al., 2008; Rea & Evans, 2011). In 

addition, ice dynamic settings (i.e. surge vs ice streaming) have revealed subordinate CSR 

patterns which may be useful in delineating ice flow dynamics (Evans et al., 2016).  

Sedimentological composition is typically reported as very dense, compact, poorly 

sorted, matrix-supported diamicton (Ben-Yehoshua, 2017; Lovell et al., 2015; Johnson, 

1975). Till fabric analyses report no significant internal structure or preferred orientation 

of clasts (Johnson, 1975). Sedimentological composition has been reported to be both 

homogeneous with and heterogeneous to underlying lithology, thereby indicating a 

possibility of ridge transportation following deposition (Ben-Yehoshua, 2017; Sobota et 

al., 2016). This may be problematic when attempting to capture the spatial variability of 

stress and flow regimes from CSR spatial distribution. 

 

2.5.1 CSR formation 

The prerequisites for CSR formation are the fracturing of glacial ice and the availability of 

sediment. Many sedimentological studies suggest that CSR material originates from the 

bed, thus access to the glacier bed must be permitted via full-depth or basal crevassing 

(Rea & Evans, 2011).   

Formation hypotheses vary slightly, with the most-common referred to as a tectonic, 

squeeze-up process due to changes in stress regimes and basal hydrological pressures 

(Ben-Yehoshua, 2017; Sharp, 1985; Benn & Evans, 2010) (FIGURE 2.12). Recent studies 

suggest a channelised infilling process whereby sediment-laden meltwater injects 

material into crevasse cavities (Evans et al., 2016) (FIGURE 2.13). These variations relate 

to differences between active vs quiescent infilling processes (Johnson, 1975; Orlowska, 

2022; Boulton et al., 1996; Sharp, 1985; Lovell et al., 2015), whereby infilling can be 

synchronous with ice fracturing processes, or asynchronous, post-fracturing during 

stagnation, whereby infilling arises from ice depression and supraglacial debris infill.  
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It is suggested that the variations in spatial distribution and patterning can provide 

valuable insight into formation mechanisms and thereby glacial processes (Evans et al., 

2016). Rhombohedral patterns have been inferred to represent stress regimes 

dominated by longitudinal stresses (i.e., extensional and compressive strain regimes), 

whilst chaotic patterning has been inferred to be representative of stresses characterised 

by thrust-style displacements and hydrofracturing due to basal water and sediment pore 

pressure overburden (Lovell et al., 2015). Regardless, once CSRs have been formed, 

preservation requires a rapid down-wasting of the surrounding ice to prevent the ridges 

being destroyed (Evans et al., 2016; Johnson, 1975; Ben-Yehoshua, 2017).  

 

2.5.2 CSRs in ice sheet reconstructions 

CSRs have historically been indicative of surging ice dynamics (Ben-Yehoshua, 2017); 

however, more recently have been used as indicators of ice streaming environments 

(Evans et al., 2016). This is important as ice streams play a significant role in reducing ice 

sheet volume (Stokes, 2000; Stokes & Clark, 2001; Stokes, 2018; Bennett, 2003). Ice 

stream surface crevassing patterns and CSR observations have inferred significant 

similarities between the palaeo-ice streams of the LIS and contemporary ice streams in 

Antarctica; however, the spatiotemporal properties of these palaeo-ice streams remain 

poorly constrained (Margold et al., 2015; Angelis & Kleman, 2005). As such, many 

researchers have begun to focus efforts in these areas due to the value of being able to 

extrapolate information from palaeo-ice streams and improve understanding of 

contemporary ice streaming processes (Margold et al., 2018; Evans et al., 2016; Bennett, 

2003; Angelis & Kleman, 2005; Stokes & Clark, 2001; Winsborrow et al., 2010a).  

Whilst it is evident that DGMs and CSRs are morphometrically similar, the comparative 

review of literature highlights the different processes involved during formation and 

thereby the different utilities within palaeo-ice sheet reconstructions. Furthermore, 

accurate distinction between these landforms must be determined to validate the 

premise that DGMs may be used as effective ice marginal indicators. 

 

2.6 Ice sheet evolution since the Last Glacial Maximum 

The Quaternary (the period spanning the last 2.6 million years) has been marked by 

several climate oscillations alternating between glacial and interglacial conditions (FIGURE 
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2.15) (Lisiecki & Raymo, 2005; Lowe & Walker, 2014). The LGM occurred ~23-21 ka BP 

(Clark et al., 2009), during which time glacial ice occupied substantially more of the Earth’s 

surface compared with today (FIGURE 2.16; Gowan et al., 2021). In the northern 

hemisphere, the Greenland ice sheet was much more extensive, extending south-

westwards, coalescing with the Laurentide, Cordilleran and Innuitian ice sheets, referred 

to collectively as the North American Ice Sheet Complex (NAISC) (Dalton et al., 2020 & 

2023). The NAISC covered almost all of Canada and large areas of North America (Dalton 

et al., 2020 & 2023; Gowan et al., 2021). In addition, Iceland was entirely covered by ice 

(Ingólfsson et al., 2010), and a large ice sheet complex occupied Fennoscandia and most 

parts of northern Europe (Clark et al., 2022; Hughes et al., 2016; Stroeven et al., 2016). In 

the southern hemisphere, large ice masses were present across Patagonia and the 

Antarctic ice sheet was also much more extensive than today (Gowan et al., 2021).  
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FIGURE 2.15. The marine oxygen isotope record from the NorthGRIP ice core showing warming and cooling events over the last 125 ka [source: Lowe & 

Walker, 2014].
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FIGURE 2.16. Glacial ice extent at approximately 20 000 ka BP [source: Gowan et al., 2021]. 
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Following the LGM, the climate warmed, instigating a general (although time-

transgressive) retreat across northern hemispheric ice masses; this was interspersed with 

short intervals of cooling and ice readvance. These cooling events include the Younger 

Dryas (YD) stadial (~12 900 – 11 700 yr BP (Cheng et al., 2020; Velay-Vitow et al., 2024)) 

and the Preboreal Oscillation (PBO) (11 400 – 11 100 yr BP (Fisher et al., 2002; Rasmussen 

et al., 2007; Velay-Vitow et al., 2024)). From ~11 000 yr BP, the climate generally returned 

to a state of stabilised warming and northern hemisphere ice masses gradually retreated 

until reaching the current extent of today. This study specifically focuses on the FIS, the 

evolution of which, following the LGM, is discussed in more detail below. 

 

2.6.1 The Fennoscandian Ice Sheet 

During the LGM (also referred to in Scandinavia as the Weichselian maximum), the FIS 

extended outwards from the Swedish mountains, covering Scandinavia and large parts of 

northern Europe (Hughes et al., 2016; Lunkka, 2023; Ploeg & Stroeven, 2025; Regnéll et 

al., 2023; Saarnisto & Saarinen, 2001; Sarala et al., 2022; Stroeven et al., 2016). Whilst 

there is uncertainty regarding the extent of this ice complex, minimum and maximum 

models have been proposed (Hughes et al., 2016). The minimum model suggests that the 

eastern margins reached the central part of the Kola peninsula, the border between 

Karelia and Finland, and extended south-eastwards to the Baltic Sea gulfs and westward 

to the Kattegat, covering the Scandinavian peninsula (Hughes et al., 2016) (FIGURE 2.17 

(black dotted lines)). The maximum model proposes a much wider extent whereby the 

FIS coalesced north-eastward with the Svalbard-Barents-Kara Ice Sheet (SBKIS) and south-

westwards with the British-Irish Ice Sheet (BIIS), with southern margins reaching northern 

Germany, Poland, and Belarus (Hughes et al., 2016; Stroeven et al., 2016) (FIGURE 2.17 

(black dashed lines)).  
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FIGURE 2.17. Reconstruction of the Eurasian Ice Sheet at ~20 ka BP showing ‘minimum’ 

(black dotted lines), ‘maximum’ (black dashed) and ‘most credible’ (solid white line and 

shaded white area) extents [source: Hughes et al., 2016].  

 

 Following the LGM (based on the most-credible model (Hughes et al., 2016)), by ~18-

17 ka BP, the FIS and BIIS had become disconnected and by ~15 ka BP, the connection 

between the FIS and SBKIS had also ceased, rendering the FIS as the largest ice mass 

across Scandinavia and northern Europe. By ~13-12 ka BP the FIS had retreated from 

northern Europe, occupying Fennoscandia only. The south-eastern margins extended 

from southern Norway and Sweden to the southeast of Finland. This period was 
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characterised by the short-lived readvance of the YD (~12.9 – 11.7 ka BP) (Carlson, 2013) 

as evidenced by large moraine formations, known as the Salpausselkä moraines (SS I & II), 

which can be traced north-eastwards through the Scandinavian peninsula, south-east 

Finland, Russian Karelia and the Kola Peninsula (FIGURE 2.18) (Donner, 2010; Glückert, 

1995; Lunkka et al., 2021; Rainio et al., 1995; Rinterknecht et al., 2004; Saarnisto & 

Saarinen, 2001; Tschudi et al., 2000; Putkinen et al., 2011). In the northwest, the margin 

generally followed the west coastline of Sweden.  

A return to warming after the YD instigated a return to retreat during which time the 

south-eastern ice margin maintained a relatively steady retreat north-westwards. At 

~11.4 ka BP, another temporary (~200-300 year) cooling event (e.g. the PBO/11.4 ka 

event) (Rasmussen et al., 2007) led to a short-lived readvance/standstill which is 

suggested to be marked by SS III located in Finland (FIGURE 2.6) (Salonen, 1990). By ~10 

ka BP, the ice mass had retreated completely from Finland and occupied only Norway and 

the Swedish mountains (Hughes et al., 2016).  
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FIGURE 2.18. Map showing large Salpausselkä moraines (SS I, II & III) that can be traced 

north eastwards through southeast Finland. NB. While the Finnish Salpausselkä moraines 

extend northward into Russian Karelia and the Kola peninsula, these are classified 

separately and have their own distinct nomenclature [source: Saarnisto & Saarinen, 2001]. 

2.7 Summary 

Palaeo-ice sheet reconstructions are important as they help to improve understanding of 

glacial ice response to climatic change over long periods of time. Temporal resolutions of 

ice sheet reconstructions are limited to > 1 000 – 100-year intervals at best; however, 

technological advancements in remote sensing instrumentation present an opportunity 
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to refine these resolutions by enabling more subtle, regularly formed, low-relief 

geomorphology to be observed and integrated. 

DGMs are low-relief landforms that are suggested to be formed regularly (potentially 

annually), at the ice margin. As such, it is plausible that DGMs could be an excellent 

landform candidate to refine ice margin reconstructions. Due to the ambiguity regarding 

formation, thorough investigations must be undertaken to accurately constrain 

spatiotemporal properties and differentiate them from similar landforms (e.g. CSRs). If 

formation properties are accurately constrained, and DGMs are found to be annual 

formations, these landforms could provide very high-resolution ice marginal 

geochronometric indicators which would significantly improve the resolutions of ice-

margin reconstructions. In turn, the information from such high-resolution 

reconstructions may be used to better inform numerical modelling and predictions of 

contemporary ice sheets.  This would be a valuable and constructive development on the 

previous work conducted by Ojala et al., (2015 & 2016), whereby DGMs were mapped 

across southwest Finland and compared with local varve chronologies and BIL water 

depths. This study aims to provide a more detailed investigation of DGM formation in 

southwest Finland and explore the potential utility of DGMs as ice margin indicators. 
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Chapter 3: Method overview and key study areas 

 

This chapter provides a brief introduction to the methods used throughout the study and 

the strategic approach taken to achieve the research objectives stated in section 1.2.2. A 

description of the key study areas is also provided. 

 

3.1 Introduction  

The approach to methods in this study is primarily guided by the research objectives (see 

section 1.2.2) and determined by practicality of resource availability. Given that DGM 

formation properties must first be constrained prior to utility as ice margin indicators, a 

tiered approach is adopted whereby firstly, a large scale preliminary remote sensing study 

is undertaken which allows for a practical and cost-effective morphometric assessment of 

DGMs, and valuable comparison to the similar landform – CSRs. These investigations will 

also provide a first pass (albeit very detailed) indication of DGM formation properties and 

address the long-standing debate between DGM and CSR landform groups. Secondly, 

arising from the results of the first method investigations, a ground truthing method is 

undertaken whereby a more detailed investigation of DGM internal architecture is 

assessed to test the inferences made from the remote sensing investigations and provide 

stronger, more robust evidence of DGM formation. Finally, on the basis that DGM 

formation is proved to be at the grounding line of a subaqueous ice margin, isochrones 

can be reconstructed from the DGMs, utilising the remote sensing data acquired from the 

first investigations. A brief introduction of the methods used is provided below and more 

detail utility is provided in each result chapter respectively.  

3.2 Methods  

3.2.1 Remote sensing & geomorphological mapping 

A key foundation for this study is the acquisition of geomorphological data (Chandler et 

al., 2018; Kleman & Borgström, 1996; Pearce et al., 2017; Stokes & Clark, 1999;). 

Geomorphological data can be used to: constrain the spatial characteristics of landforms 

(Butcher et al., 2020; Frydrych, 2022; Storrar et al., 2014), differentiate between similar 

landforms (Rivers et al., 2023), and, pertinent to this study, provide ice marginal proxies 
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from the relative spatial positioning of landforms (Bradwell et al., 2021; Chandler et al., 

2016; Clark et al., 2012; Dulfer et al., 2022; Mangerud et al., 2019; Rowan et al., 2022).  

 Remotely sensed imagery has become a powerful medium for acquiring 

geomorphological data, particularly across large spatial areas. The applicability of using 

remotely sensed imagery is underpinned by three key factors: spatial resolution, temporal 

resolution and spectral resolution. Spatial resolution can be viewed from two 

perspectives; firstly, the extent of spatial coverage (e.g. does the sensor pass over the 

entirety of the chosen study area), and secondly, the clarity of detail in the imagery (e.g. 

pixel resolution). Temporal resolution is determined by how frequent the sensor obtains 

imagery of a certain area. Spectral resolution refers to how sensitive the sensor is to the 

variety of wavelengths in the electromagnetic spectrum. Currently, no single sensor 

satisfies all three domains (Al-Wassai & Kalyankar, 2013; Dubovik et al., 2021). This can 

result in a trade-off when choosing imagery that may inhibit the scope of research 

depending on the required data. Concerning geomorphological mapping, spatial 

resolution is critical for determining accuracy. Again, there can be a trade-off here, 

whereby the spatial coverage or ‘swath footprint’ of an area may be limited although 

advantageously characterised by highly detailed imagery; or vice versa, whereby imagery 

pertains a large spatial coverage, but characterised by a low pixel resolution. 

 When a study area with suffice imagery has been selected, geomorphological features 

can be mapped using Geographical Information Software (GIS). This involves a careful 

manual scanning of the imagery to identify target features followed by tracing the 

crestline of each target landform, accompanied by the outer perimeter, depending on the 

morphometric data desired. This process takes time, depending on the extent of the study 

area and the number of landforms to be mapped, and requires a good understanding of 

the target landform along with a well-articulated mapping strategy to mitigate errors.  

 Due to the time involved with studies of this nature, machine learning has become a 

popular area of development for automated mapping (Barnes et al., 2024; Brigham & 

Crider, 2022; Giaccone et al., 2021; Lewington et al., 2019; van Asselen & Seijmonsbergen, 

2006). Such automated methods, however, can be limited in accuracy and better utilised 

to provide complementary data for manual studies (Dyba, 2024; Houser et al., 2022; 

Lewington et al., 2019). As such, manual mapping methods currently remain the most 
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reliable to assure quality, and to enable more accurate identification and understanding 

of landform evolution and wider glaciological implications. 

For this study, due to practicality and availability of data, remote sensing was deemed 

an appropriate method in which to begin investigations. Specific remote sensing methods 

are presented in more detail in chapter 5.  

3.2.1.1 Morphometric analysis 

Morphometric analysis refers to the assessment of form and geometric properties of a 

given landform. Geographical Information Software (GIS), such as ArcGIS (ESRI), provide a 

plethoric database of sophisticated techniques for analysing geospatial data and 

morphometry. At its core, geospatial analysis entails identifying specific information 

requirements from spatial data (e.g. length and width of a landform) and executing an 

appropriate GIS ‘tool’ in fulfilment of such. This process can be complex and time-

consuming depending on the desired information, data sizes and tool availability. It may 

be, for example, that numerous tools need to be executed successively and therefore 

warrant the development of a more tailored geoprocessing sequence. This can present 

challenges when attempting to achieve functional outputs and inevitably, render such 

methods favourable to more experienced GIS users. Considering this study, it is required 

to acquire very detailed morphometric information across large datasets and therefore to 

improve data analysis efficiency, a new geoprocessing method was developed in the form 

of a Python-based ArcGIS toolbox. This is presented in chapter 4. 

3.2.2 Sedimentology & Ground Penetrating Radar (GPR) 

Studying the sediment structure and composition of a landform is an effective method in 

which to observe and understand the processes involved during formation. This can be 

done via sediment exposure investigations (e.g. glacial sedimentology) (Evans, 2004; 

Lindholm, 1987), and/or via geophysical methods (e.g. ground penetrating radar (GPR)) 

(Bristow & Jol, 2003). Glacial sedimentology is the most reliable method for elucidating 

landform genesis as it involves direct observation of sedimentary facies and structures 

that can be used to test formation hypotheses (Evans, 2004). These studies can, however, 

be labour-intensive, highly selective in observations and measurements, and destructive 

if new exposures are to be excavated.  
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In contrast, geophysical methods such as Ground Penetrating Radar (GPR) are a 

relatively quick and non-intrusive approach to investigate the internal structures of 

landforms. This method works by using pulses of electromagnetic waves to image the 

subsurface of the ground, therefore removing the need for sediment exposures (Harrison 

et al., 2022; Lally et al., 2023; Stoker et al., 2021; Ruffell et al., 2013; Neal, 2004; Harrison 

et al., 2022). This enables greater observational capacity and concurrently increases 

dataset representativity in contrast to sedimentological investigations. The outputs from 

geophysical methods can be difficult to interpret however, and subsurface visualization 

can be restricted by the presence of specific sediments (e.g. clay) and/or high-water 

contents (Neal, 2004). An advantageous solution to overcoming each of the method-

specific limitations is to combine sedimentological and geophysical investigations. This 

combined is the approach taken in this study and is presented in chapter 6. 

3.2.3 Ice margin reconstruction 

Palaeo-ice sheet reconstructions rely on geomorphological indicators to constrain spatial 

ice extent, combined with a variety of dating/geochronological methods to constrain ice 

evolution through time (Hughes et al., 2016; Stroeven et al., 2016; Clark et al., 2022; 

James et al., 2019; Dalton et al., 2023). Ice extent indicators are usually acquired via 

geomorphological mapping (see section 2.3). Pertinent to dating, there are a vast number 

of methods that can be used to constrain the timing of ice extent. These include 

radiometric methods, based on the decay of unstable chemical elements; incremental 

methods, involving the measurements of regular accumulations of materials through 

time; and age-equivalent methods based on contemporaneous stratigraphic horizons 

across different sedimentary sequences (Lowe & Walker, 2014). Each method has 

advantages and limitations, with the most appropriate method being determined by 

factors such as the type of material being dated, the dating range of the method, and the 

reliability of dates from which the method can provide (e.g. ‘accuracy’ (the degree of 

correspondence between the true age and that obtained by the dating method) vs 

‘precision’ (the statistical uncertainty that is attached to any physical or chemical element) 

(Lowe & Walker, 2014)).  

Incremental dating methods are unique in that they can provide potentially annual 

successive time records of glacial retreat. Annually accumulated glaciolacustrine 
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sediments are referred to as ‘varves’, and their use as annual geochronological indicators 

was first recognised by Gerard De Geer as early as 1878. In 1912, De Geer presented the 

first compilation of an extensive glaciogenic varve sequence from the southernmost to 

central parts of Sweden spanning a 12,000-year time-period (De Geer, 1912). Since then, 

numerous varve studies have been undertaken gathering greater, more detailed insights 

into deglaciation history (Ringberg & Rudmark, 1985; Saarnisto, 1985; Mörner, 1977; 

Sauramo, 1923; Strömberg, 2005; Breckenridge et al., 2020; Ridge et al., 2012). Whilst it 

is now acknowledged that not all sediment is supplied on a seasonal basis, and error 

margins within varve chronologies should be carefully assessed (Ojala & Tiljander, 2003; 

Holmquist & Wohlfarth, 1998), varve chronologies remain an unparalleled tool for 

depicting deglaciation at very high-resolution timescales (Avery et al., 2020).  

Based on the annual resolution of varve sequences, this provides the most appropriate 

geochronological dataset for determining the frequency of DGM formation. For example, 

a single De Geer ridge can be linked to the nearest varve site, with occurrences of ridges 

between each site counted, and compared to the floating varve dates to determine 

whether ridges form at an annual basis. Whilst the varve chronologies are ‘floating’, these 

dates can be more accurately anchored using dates derived from cosmogenic nuclide 

sampling in the local area. 

Once timescales have been constrained, isochrones can be constructed via lateral 

extension of DGM ridges across the study area. This will provide an ice marginal 

reconstruction characterised by highly accurate ice margin configuration and potentially 

unprecedented annual rates of retreat. Ice marginal reconstructions of this calibre 

provide a much deeper, nuanced insight of ice margin retreat rates and grounding line 

dynamics. In turn, this information can be used to improve our understanding of 

contemporary ice margin dynamics and deglaciation. This work is presented in chapter 7. 

3.3 Study areas 

3.3.1 Southwest Finland 

A key component of this project is to constrain the spatiotemporal properties of DGMs. 

These landforms are particularly abundant and prominent across southwest Finland 

(Ojala et al., 2015; Ojala, 2016) and therefore was deemed a valuable study area for 

investigation FIGURE 3.1.  
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FIGURE 3.1 Study area for investigations of DGMs located across southwest Finland. 

 

During the LGM, Finland was completely covered by glacial ice, and at ~13-12 ka BP, 

the ice margin had reached southern coastal Finland (Hughes et al., 2016; Stroeven et al., 

2016). Between ~12.9-11.7 ka BP, the ice margin remained stationary, or re-advanced, 

during the YD cooling event, resulting in the formation of SS I and SS II (Glückert, 1995; 

Rainio et al., 1995; Rinterknecht et al., 2004; Saarnisto & Saarinen, 2001; Tschudi et al., 

2000) (FIGURE 2.19). After the YD, a rapid retreat led to significant crenulation of the ice 

margin and resulted in the development of independent ice lobes (FIGURE 3.2) (Punkari, 

1980; Johansson et al., 2011). These ice lobes were more sensitive to localised factors 

such as bedrock, topography, proglacial water depth, and local climate, and therefore 

became more independent in retreat dynamics (Lunkka et al., 2019; Lunkka et al., 2021). 

The ice lobes were bordered either by each other, or by more passive areas of ice. The 

boundary zones (interlobate areas) are often characterised by large eskers and/or 

glaciofluvial interlobate complexes (Punkari, 1980; Lundqvist & Saarnisto, 1995). It is 

suggested that the ice lobes developed as a result of localised terrain, regional differences 
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in ice accumulation, and subglacial hydrology (Ojala et al., 2021; Kurimo, 1982; Punkari, 

1980). 

 

  

FIGURE 3.2.  Post YD independent ice lobe formations situated across Finland. North 

Karelian Ice Lobe (NKIL), Näsijärvi Ice Lobe (NJIL), Finnish Lake District Ice Lobe (FLDIL), 

Baltic Sea Ice Lobe (BSIL): A) Inset map showing the most prominent Younger-Dryas age 

end moraines in Fennoscandia; B) Ice lobe formations and Salpausselkä moraines 

extending across Finland [source: Lunkka et al., 2019]. 

 

The ice lobe that was situated across southwest Finland is referred to as the ‘Baltic Sea 

Ice Lobe’ (BSIL) (Punkari, 1980; Lunkka, 2019), the extent of which is marked by the 

position of SS III and was adjacent to the Finnish Lake District Ice Lobe (FLDIL) (FIGURES 

3.2 & 3.3). Whilst dates have been regularly revised with technological advances in dating 

techniques and availability (Saarnisto & Saarinen, 2001; Tschudi et al., 2000; Rinterknecht 
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et al., 2004), the most recent estimations suggest that SS I was formed at the coalesced 

margins of the BSIL and FLDIL at approximately ~13.4 ±600 ka BP (Lunkka et al., 2021; 

Cuzzone et al, 2016). A date of 11.4 ±600 ka BP is proposed for the formation of SS II 

(Cuzzone et al., 2016), and it is postulated that SS III was formed ~300 years after the 

beginning of the Holocene, coinciding with the PBO/11.4 ka event (~11.4 – 11.1 ka BP) 

(Donner, 2010; Rasmussen et al., 2007; Salonen, 1990).  

The BSIL was further subdivided into two sub-lobes; northern sub-lobe (Loimaa sub-

lobe) and the southern sub-lobe that were divided by an interlobate esker (FIGURE 3.3) 

(Mäkinen et al., 2023). Geomorphological evidence suggests disparities between the sub-

lobe processes whereby the northern Loimaa sub-lobe is characterised by rich subglacial 

meltwater routes, as indicated by murtoo formations (Mäkinen et al., 2023; Ojala et al., 

2021), and the southern sub-lobe is characterised by abundant DGM formations (Ojala et 

al., 2015; Ojala, 2016). NB: The appearance of DGMs in similar sub-aqueous environments 

across the FIS is not uncommon, with many observations made around the eastern 

coastal areas of Sweden (Bouvier et al., 2015), western Norway (Larsen et al., 1991). 
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FIGURE 3.3.  Location map showing the subdivision of the Baltic Sea Ice Lobe. Pink area 

represents the Loimaa sublobe, characterised by murtoo geomorphology, the green area 

represents the Southern sublobe, characterised by DGM geomorphology [figure edited 

from Mäkinen et al., 2023]. NB: Inset Fig. B not shown. 

 

In addition to direct ice controls, the geographical location of southwest Finland (and 

particularly the location of the BSIL southern sub-lobe) dramatically increased sensitivity 

to the evolving balances and feedback mechanisms between ice mass redistribution, sea 

level, and continental rebound (Eronen et al., 2001). Due to the large ice mass occupying 

Finland ~12.9 – 11.7 ka BP, most of the southwest coast was submerged below sea level. 

During this time, the Baltic Sea area was disconnected in the west from the North Sea via 

the Öresund area between Sweden and Denmark (Andrén et al., 2011; Björck, 2008), 

forming the Baltic Ice Lake (BIL) (FIGURE 3.4). Subsequent deglaciation, sedimentation, 

and differential uplift resulted in a variable ‘opening and closing’ of the western drainage 

area in Öresund which forced the evolution of the BIL to the Baltic Sea (Andrén et al., 

2011; Björck, 2008). Each of these interconnected processes- deglaciation, continental 
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uplift, fluctuating water depths, would have imposed significant controls over 

geomorphological development across SW Finland (Lunkka et al., 2019; Ojala et al., 2013). 

 

  

FIGURE 3.4.  Location of the former Baltic Ice Lake (BIL) extending from SE Finland in a 

south-westerly direction toward SE Sweden. The BIL was characterised by distinct 

developmental stages that responded to ice advance/retreat phases and continental 

adjustments [source: Stroeven et al., 2016].  

 

3.3.2 Northwest Territories, Canada 

Western Canada was one of several countries host to the second largest global ice 

complex during the LGM (Daltin et al., 2023). This ice complex included a coalescence of 
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the Cordilleran ice sheet (CIS), the Laurentide ice sheet (LIS), the Innuitian ice sheet (IIS) 

and the Greenland ice sheet (GrIS) (Dalton et al., 2023) (FIGURE 3.5). In this area, this 

most recent glacial period is often referred to as the Late Wisconsinian glaciation where 

ice reached its maximum extent (although time-transgressively) between ~25 – 20 ka BP 

(Dyke et al., 2002; Stokes et al., 2017; Dalton et al., 2023). This was then proceeded by a 

significant recession and decoupling of the coalesced ice sheets (Stokes et al., 2017). 

 

FIGURE 3.5. The North American Ice Sheet Complex (NAISC: comprising the Innuitian, 

Cordilleran and Laurentide ice sheets) [source: Dalton et al., 2023]. 

In the west, at the CIS / LIS intersection, was a corridor defined by low-lying, relatively 

flat terrain located S-SE of the Mackenzie and Rocky Mountain belt. It is suggested that 

between 12.8 ka BP and 11 ka BP, rapid ice recession led to a decoupling of the CIS and 

LIS which resulted in an ice-free corridor, referred to as the ‘Interior Plains’ (Stokes et al., 

2017; Gowan, 2013). Furthermore, this area was characterised by a transition in bedrock 

lithology, from metamorphic/plutonic to sedimentary (Margold et al., 2015). As a result 

of these topographical and geological disparities, much of this area was dominated by a 

dense ice streaming network (Margold et al., 2015) which has been interpreted through 
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the underlying geomorphology, particularly with the presence of streamlined landforms 

diagnostic of ice streaming (e.g. CSRs). 

The CSRs sampled in this study area associated with the former Great Slave Lake Ice 

Stream (Margold et al., 2015), located in the interior plains of the Northwest Territories, 

Canada (FIGURE 3.6). The ridges located at this site exhibit clear geometric networks with 

evidence of cross-cutting, oblique and contrasting orientations that consistent with well-

documented observations of typical CSRs elsewhere (Ankerstjerne et al., 2015; Cline et 

al., 2015; Evans et al., 2016; Norris et al., 2018; Ó Cofaigh et al., 2010; Ross et al., 2009). 

Not only will study area this provide a valuable dataset for DGM comparative analyses but 

will also provide the opportunity to develop and improve our understanding of ice stream 

dynamics. 

 

FIGURE 3.6.  Study area chosen for CSR data collection; a 20 km2 section of the former 

Great Slave Lake Ice Stream, located in the Northwest Territories, Canada [ice stream 

data source: Margold et al., 2015]. Location map shows the study area situated inside of 

the shear margin of the palaeo-ice stream. 
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Chapter 4: Method Development - A Python-based ArcGIS toolbox to 

automatically generate 3D morphometric data of elongated landscape 

features at user-defined transect-segmented intervals 

 

Toolbox Repository: https://github.com/gwynrivers/3D_Morphometry_Toolbox 

Citation: Rivers, G.E., Storrar, R.D., Jones, A.H., Ojala, A.E.K. (2023). 3D morphometry of 

De Geer Moraines and Crevasse-Squeeze Ridges: Differentiating between pushing and 

squeezing mechanisms from remotely sensed data. Quaternary Science Reviews, 321C. 

DOI: https://doi.org/10.1016/j.quascirev.2023.108383 

 

This chapter outlines the development of a new Python-based ArcGIS toolbox for the 

purposes of automatically extracting and calculating 3D morphometric data from large 

datasets, and demonstrates its use. The development of this method enabled the analysis 

of DGM morphometry as outlined in chapter 5 and contributed to addressing research 

objective (1). 

Abstract 

A large body of research pertains to understanding and quantifying the morphology of 

elongated, positive (e.g. ridges), or negative (e.g. channels) geomorphological features. 

3D morphometric analysis is a useful method by which to constrain feature morphology, 

thereby improving our understanding of landform genesis and evolution. Unfortunately, 

morphometric analyses, particularly when dealing with large datasets, can be both 

complex and time-consuming. To mitigate this, a new method was developed in the form 

of a user-friendly, Python-based ArcGIS toolbox, that efficiently extracts and calculates 3D 

morphometric data at user-defined transect intervals along the profile of a given 

landscape feature. This allows for a highly detailed assessment of elongated features and 

provides users with a robust dataset for further analysis if required. It is intended that this 

toolbox will provide an effective means by which to analyse large-scale datasets for the 

purposes of detailed landform morphometric quantification. 

 

https://github.com/gwynrivers/3D_Morphometry_Toolbox
https://doi.org/10.1016/j.quascirev.2023.108383
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4.1 Introduction 

A large body of research pertains to understanding and quantifying elongated landforms 

such as: eskers (e.g. Storrar et al., 2015; Butcher et al., 2016; Butcher et al., 2019; 

Frydrych, 2022), river channels (Li et al., 2022; Sarif et al., 2021; Soar et al., 2017; Xie et 

al., 2018), moraines (Finlayson & Bradwell, 2008; Dunlop, 2004; Kaufman et al., 1988), 

crevasse squeeze ridges (Ben-Yehoshua, 2017; Evans et al., 2016), inverted fluvial 

channels (Valla et al., 2010), palaeochannels (Re et al., 2018), tectonic landforms such as 

volcanic structures (Scheidegger, 2002; Stretch et al., 2006; Székely & Karátson, 2004; 

White et al., 2002) and wrinkle ridges (Bethell et al., 2022; Karagoz et al., 2022; Kreslavsky 

& Basilevsky, 1998; Plescia, 1993).  To date, these studies have employed a wide range of 

techniques to extract morphometric data. Below, several morphometric studies 

previously undertaken are highlighted and some of the challenges associated with data 

collection and morphometric quantification are described. The toolbox is then described 

in detail, explaining function and providing an example of use. 

 

4.1.1 Morphometry studies  

Morphometry deals with the measurement of form and is an integral aspect of 

geomorphological studies (King, 1982; Evans, 2012; Pike, Evans & Hengl, 2009). 

Quantifying morphometry enables a deeper understanding of form and process to be 

developed, and allows for the differentiation of different landform types, which can 

facilitate the development of classification criteria, landscape evolution models (LEMs) 

and process-form models (Valters, 2016; Li, 2020). Typically, contemporary morphometry 

studies adopt a two-step approach: (1) the acquisition of remotely sensed Digital 

Elevation Model (DEM) data, utilised for feature identification and digitisation; and (2) the 

extraction and quantification of feature morphometry.  

4.1.2 Remotely sensed high-resolution DEM data 

Technological advances in remote-sensing instrumentation have provided a means to 

improve morphometry studies (Li et al., 2020; Fu et al., 2019). Freely available DEM data, 

characterised by high spatial resolutions (most commonly 2 m GSD, but occasionally even 

higher) and wider spatial coverages, has permitted the capturing of large, highly detailed, 

and highly representative geomorphological datasets (Napieralski et al., 2013). 

Furthermore, the development of a wide range of GIS tools has introduced more efficient 
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and sophisticated analysis methods, which can provide powerful information regarding 

landform characteristics and landscape evolution (Otto et al., 2018; Li et al., 2020; Rao, 

2002; Mesev, 2007). These technological developments present significant opportunities 

to improve morphometry studies and yield new insights into landform processes. 

4.1.3 Morphometric quantification 

The quantification of feature morphometry requires the accurate measurement of 

geometric properties. Whilst basic morphometrics (e.g. length, width, and height) of a 

given landscape feature may be quantified with relative ease, this quantification can 

become more complex when dealing with large datasets and landforms defined by high 

spatial variability. This is particularly pertinent to elongated landscape features (e.g. ridges 

or channels), whereby morphometry varies along a feature’s length. Such variability might 

be important for interpreting the origin of a landform, or even for understanding varying 

conditions during its formation. In addition, more detailed 3D cross-sectional information 

may be required if landform type is difficult to establish. This is particularly relevant when 

attempting to identify ambiguous landforms (e.g. Butcher et al., 2016). 

To capture a more detailed 3D morphometric assessment of a given landscape feature, 

a segmented-transect analysis approach can be employed, whereby a larger landform is 

divided into subsections and a cross-sectional analysis is undertaken. This approach has 

been effectively demonstrated in recent studies of eskers (elongated, sinuous ridges that 

depict the preservation of sedimentation in glacial meltwater drainage conduits; section 

2.3.1.1) whereby 3D morphometrics were calculated at set transect intervals (Butcher et 

al., 2016; Storrar et al., 2015). This method has proved successful in providing a more 

enhanced classification of esker landforms, whilst also improving inferential knowledge 

relating to process-form models and landscape evolution. Such methods are proving 

popular in similar geomorphological studies (Ely et al., 2017; Frydrych, 2022; Butcher et 

al., 2020; Gomez-Heras et al., 2019; Sapsa et al., 2020; Ojala et al., 2015), thereby 

highlighting the need to streamline this process to enable up-scaling of sample sizes and 

increase user accessibility.  

4.1.4 Challenges in morphometric analysis 

A key challenge of morphometric analysis is the complex integration of appropriate GIS 

tools. The integration of multiple tools and geoprocessing methods can become time-
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consuming and characterised by complex workflows. This issue becomes further 

amplified when dealing with large datasets.  

To overcome some of the complexity, and to enable large sample-size morphometric 

datasets to be easily and reliably generated, a new open-access Python-based ArcGIS 

toolbox was developed that automatically extracts 3D morphometric data at user-

specified segmented transect intervals. An example application of the toolbox is provided 

to demonstrate the effective quantification of elongate landscape morphology using CSRs 

located in Northwest Territories, Canada, as an example dataset. It is intended that this 

toolbox will be of use to both research and industry GIS users, ranging from novice to 

advanced levels, that are interested in quantifying and analysing elongated landscape 

features.  

 

4.1 The toolbox 

The toolbox comprises two tools: (1) a primary ‘3D Morphometry Tool’; and (2) a 

secondary ‘Average Feature Tool’. The primary tool is intended to extract and calculate 

detailed 3D transect-segmented morphometry, at user-defined intervals, along the length 

of a target landscape feature. The secondary tool is available to average calculated 

transect morphometrics derived from the primary tool, per parent feature, to provide a 

whole-feature morphometric assessment. This results in a toolbox that can provide: (1) 

3D morphometry at high-resolution segmented intervals, which is valuable for detailed 

landform analysis; and (2) a powerful method by which to compare detailed 

morphometrics between individual features. The ability to rapidly generate large sample 

sizes is also advantageous for investigating morphometric patterns in spatial distribution, 

either at smaller scales, along individual feature lengths, or at macroscales across wider 

landscape coverages. The recommended toolbox workflow is as follows: 

1) Data preparation (digitisation of target features) 

2) Execution of the primary tool ‘3D Morphometry Tool’ 

3) Undertaking of quality control checks and refining of primary output data 

4) Execution of the secondary tool ‘Average Feature Morphometry’  

5) Undertaking further analysis of the calculated morphometry data as required 
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4.2.1 Data preparation 

Each individual target feature must first be digitised. This involves carefully tracing the 

outline and crestline of each individual landscape feature into an ArcGIS shapefile (a 

polyline shapefile for crestlines, and a polygon shapefile for outlines).  

It is important to note that the quality of the input data determines the quality of the 

calculated morphometrics. It is advised that carefully designed rendering of DEM data is 

utilised during the digitisation process to avoid potential errors or biases. For example, it 

has been suggested that at least two different azimuths should be applied if using 

hillshades to identify features, to reduce shadow bias (Smith & Clark, 2005), and slope 

rendering can help to identify the central and lateral slope breaks of features to maximise 

accuracy (Chandler et al., 2018). Crestlines should be smooth and extend at least to the 

edge of the digitised outline. Outlines should be mapped carefully to align with the lateral 

slope breaks of target features. Users should perform checks to ensure that input data is 

of sufficient quality. 

4.2.2 Toolbox operation and required inputs 

4.2.2.1 The primary tool 

The primary tool ‘3D Morphometry Tool’ requires: a polygon shapefile (.shp) containing 

digitised outlines of the identified target features, a polyline shapefile (.shp) containing 

digitised crestlines of the identified target features, a DEM of the study area (.tif), and a 

specified ‘Output Folder’ to store generated outputs. The file path to the ‘Output Folder’ 

must not contain any spaces. The ‘Output Folder’ should be refreshed after each tool has 

completed execution. 

The primary tool also requires two additional user-specified parameters: (1) transect 

intervals (units: meters), which is the distance the user desires to set between each 

transect; and (2) transect length (units: meters), which is the length of each individual 

transect (NB: transect lengths should be set at a length which extends beyond the entire 

width of the digitised outlines as these will be clipped to the outline extent upon running 

the tool). Note: the run time of the tool is dependent on the size of the input dataset and 

the number of transects specified to be generated, as well as the specification of the 

computer used. 
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4.2.2.2 The secondary tool 

The secondary tool ‘Average Feature Morphometry’ requires: the generated 

‘Transect_Morphometry.shp’ file, the generated ‘Feature_Morphometry.shp’ file, the 

original ‘Feature Outline’ shapefile, and the file path to the specified ‘Output Folder’.  

4.2.3 Geoprocessing methods and morphometry calculation 

Upon primary tool execution, each individually mapped crestline and outline is given a 

relative identification linking it to the target feature. Transects are then produced along 

each digitised crestline at user-defined intervals at an orientation of 90⁰ to the crestline 

(FIGURE 4.1A). Elevation points are produced at three intersectional locations along each 

transect: at either side of the digitised outline and at the intersection of the crestline 

(FIGURE 4.1B).  

Basic geometric information is calculated for each feature from the outline and 

crestline shapefiles. A footprint area is calculated from digitised outlines, and length and 

sinuosity are calculated from digitised crestlines (FIGURE 4.1, A). 3D morphometric data 

(height, width, slope, asymmetry, cross-sectional area, and cross-sectional volume) are 

extracted and calculated along each transect (FIGURE 4.1, B & C). The architecture of GIS 

tool integration can be seen in FIGURE 4.2. 3D morphometric calculations are detailed in 

TABLE 4.1. 

 



 
 

65 
 

 

FIGURE 4.1. A) Oblique view of digitised landform and generated transects. Basic 

morphometrics are calculated from outlines and crestlines (e.g. length, sinuosity and 

footprint area). B) Cross-sectional view of a digitised landscape feature highlighting the 

three elevation points along each transect. Asymmetry is calculated along each transect 

at the point of crestline intersection. A mean average base terrain elevation is calculated 

from the ‘Base Terrain Elevation Points’ (e.g. the two end points of each transect located 
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on the crestline. The height is calculated from the difference between the ‘Mean Base 

Elevation’ and the ‘Crestline Elevation’. Width is calculated based on the extent of the 

digitised outlines. C) Oblique view of a digitised landscape feature with derived metrics. 

Cross-sectional area is calculated based on the principles of a triangular prism (e.g. o.5 x 

width (transect length) x height). Cross-sectional volume is calculated for each ‘transect 

segment’ (e.g. cross-sectional area x segment length (transect interval)). See calculation 

table (TABLE 1) for each morphometric reference. 

TABLE 4.1. Geoprocessing steps and calculation methods for each morphometric. 

Morphometric Data ArcPy Geoprocessing Tool  Calculation Methods 

(1) Length ‘Calculate geometry 

function’ (unit: Meters) 

Calculated along the 

digitised crestline of a 

mapped feature. 

(2) Sinuosity N/A Calculated along the 

mapped crestline. 

(3) Area (feature footprint) ‘Calculate geometry 

function’ (unit: Meters2) 

Calculated for the 

outline polygon of a 

mapped feature. 

(4) Asymmetry ‘Split line at point’. Each 

transect is split at crestline-

transect intersections. 

Split transect lengths are 

divided by the overall 

transect length to give a 

result between 0-1. 

(5) Height N/A ‘Average Base Terrain 

Elevation’ deducted 

from ‘Crestline 

Elevation’ along each 

transect. 

(6) Width ‘Calculate geometry 

function’ (unit:  Meters) 

Calculated based on the 

length of each transect. 
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Morphometric Data ArcPy Geoprocessing Tool  Calculation Methods 

(7) Slope ‘Add Surface Information’ 

(unit: degrees) 

Calculated along each 

transect. 

(8) Crestline Elevation ‘Add Surface Information’ Calculated at each 

crestline-transect 

intersection point. 

(9) Mean Base Terrain 

Elevation 

‘Add Surface Information’ A mean average 

elevation is calculated 

between the two 

outline-transect 

intersection points for 

each transect. 

(10) Cross-sectional area N/A The cross-sectional area 

of each transect 

segment is calculated 

based on the principles 

of a triangular prism  

(11) Cross-sectional 

volume 

N/A ‘Cross-sectional area’ x 

length of each transect 

segment (e.g. user-

specified transect 

intervals) 
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FIGURE 4.2. Schematic workflow illustrating ArcMap tool integration and 3D morphometric calculations. 
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4.2.4 Generated outputs 

4.2.4.1 Primary tool ‘3D Morphometry Tool’ 

The executed primary tool provides outputs in geospatial and graphical formats. 

Specific outputs include: 

1) A shapefile (‘Transect_Morphometry.shp’). This file contains all calculated 3D 

morphometric data for each transect segment (TABLE 4.2). 

 

TABLE 4.2. Reference table showing the generated ‘Transect_Morphometry.shp’ 

attribute table field names and relative morphometrics.  

Output Code Name Morphometric 

CL_Z Crestline elevation 

HEIGHT Feature height 

AV_BASE_TE Average elevation of base terrain 

AVG_SLOPE Average slope along each generated transect 

ASYMMETRY Asymmetry along each generated transect 

WIDTH Width of each transect 

CS_AR Cross-sectional area of each transect segment 

CS_VOL Cross-sectional volume of each transect segment 

FEATURE_ID The feature to which the transects belong 

  

 

2) A shapefile containing merged outlines and crestlines 

(‘Av_Feature_Morphometry.shp’). The attribute table of this shapefile contains 

morphometric information (feature ID, length, area, and sinuosity). Each mapped 

feature is given a feature identification (‘Feature_ID’) and related crestlines, 

outlines and generated transects are associated accordingly.  

3) A series of summary histograms for each calculated transect morphometric (i.e., 

‘Asymmetry.png’, ‘Average_Slope.png’, ‘Cross_Sectional_Area.png’, 

‘Cross_Sectional_Volume.png’, ‘Height.png’ and ‘Width.png’). 
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4.2.4.2 Secondary tool ‘Average Feature Morphometry’ 

The executed secondary tool calculates the mean of each transect morphometric per 

parent feature. This information is populated in a newly generated 

‘Av_Feature_Morphometry.shp’ shapefile (TABLE 3.3). 

TABLE 4.3. Reference table showing the generated ‘Av_Feature_Morphometry.shp’ 

attribute table field names and relative morphometrics.  

Output Code Name Morphometric 

FEATURE_ID Identification number of each feature – linked to 

‘Transect_Morphometry.shp’ file 

AREA Calculated area of each feature outline polygon 

SINUOSITY Calculated sinuosity of each feature crestline 

LENGTH Calculated length of each feature crestline 

CL_Z Calculated crestline elevation 

AV_BASE_TE Mean average base terrain elevation 

AV_HEIGHT Mean average transect height per parent feature 

AV_ASYMM Mean average transect asymmetry per parent feature 

AV_SLOPE Mean average transect slope per parent feature 

AV_WIDTH Mean average transect width per parent feature 

TOTAL_VOL Sum of each transect segment volume per parent 

feature 

 

4.2.5 Quality control checks 

Upon primary tool execution, quality control checks should be undertaken. This involves 

reviewing the calculated transect morphometrics (‘Transect_Morphometry.shp’) and 

observing the form and location of the transects generated by the tool. 

The sign (+/-) of the morphometric variable’s height, cross-sectional area, and volume, 

will determine whether the feature is positive relief (depositional; positive values) or 

negative relief (erosional; negative values). It is advised to sort the data by one of these 

parameters to ensure that the values are as expected (it can be possible to digitise 

incorrect features, for example). 
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Distorted transect placements may also appear, usually as a result of manual mapping 

errors or highly sinuous landforms (FIGURE 4.3). These can generally be identified by 

anomalous values within the (‘Transect_Morphometry.shp’) attribute table. It is advised 

that any distorted results are removed from the data to mitigate influential anomalies and 

interpretative errors. It is important to note that once data is removed from the calculated 

transect morphometry shapefile, the preliminary summary histograms will no longer be 

accurately representative of the data. 

FIGURE 4.3. Example of a digitised feature. Note, a section of the feature is quite sinuous. 

Depending on the digitised outline placement, this can result in transects that do not 

intercept the feature outline and therefore are not clipped to the feature extent. As such, 

careful digitisation with close alignment to the identified feature is important to maximise 

accuracy. Distorted transects can be easily identified by a visual assessment of transect 

placement and by reviewing the attribute table for any anomalous results. In addition, a 

transect has been removed to rectify anomalous height values - this procedure can be 

repeated for the distorted transects. 

4.2.6 Script execution 

The tools are written in Python [v2.7] and incorporate Python libraries from ‘ArcPy’ 

[ArcGIS 10.0-10.6], os, ‘Pandas’ [McKinney et al., 2010], and embeds Python code for 

tools, ‘Transect2.0’ [created by Mateus Vidotti Ferreira], and ‘Create Points on Lines’ 

[created by Ian Broad]. The toolbox needs to be downloaded from the GitHub repository 

(https://github.com/gwynrivers/3D_Morphometry_Toolbox) and imported into the 

general ArcGIS ‘ArcToolbox’ workspace prior to use. 

https://github.com/gwynrivers/3D_Morphometry_Toolbox
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4.2.7 Software requirements and availability 

The toolbox is intended to work within ArcGIS 10.1 [ArcMap; ESRI, 2018] and subsequent 

versions (including ArcGIS Pro [ESRI, 2020]). A ‘3D Analyst’ and ‘Spatial Analyst’ license is 

required. The toolbox can be downloaded from the GitHub repository shown at the 

beginning of this chapter. 

4.3  Example application 

4.3.1 Target geomorphology & study area 

CSRs are used here as a demonstrative dataset for toolbox application. These landforms 

are deposits formed within crevasses in glacial ice, often preserving the spatial pattern of 

crevassing. CSRs are commonly described as straight, elongate, narrow, sharp-crested 

ridges, and can provide important information concerning palaeo-ice sheet subglacial 

processes, which can be used to better understand contemporary ice sheet behavior 

(Benn & Evans, 2010; Evans, Storrar & Rea, 2016; Rea & Evans, 2011) (FIGURES 4.4 & 

4.5). A more detailed description of CSRs and their mode of formation can be found in 

section 2.5. 

 

FIGURE 4.4.  A series of aerial photographs showing CSRs located in the Northwest 

Territories, Canada [photographs courtesy of Roger Paulen, Geological Survey of Canada].  
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FIGURE 4.5. DEM (Hillshade) of CSR landforms located in the Northwest Territories, 

Canada. CSRs are orientated transverse to former ice flow direction (southeast to 

northwest). [DEM source: ArcticDEM - Porter et al., 2018]. 

 

CSRs have historically been considered diagnostic of, and exclusive to, surge-type 

glaciers; however, contemporary studies observing palaeo-ice stream settings propose a 

more equifinal stance, observing subordinate infilling styles indicative of both surging and 

non-surging dynamics (Evans et al., 2016). Given that these features are becoming more 

commonly observed in palaeo-ice stream settings, these landforms may provide critical 

information pertinent to ice stream function and evolution. This is important as ice 

streams are known to play a major role in reducing ice sheet volume (Stokes, 2000; Stokes 
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& Clark, 2001; Stokes, 2018; Bennett, 2003). As such, the assessment of CSR patterns and 

morphometry may provide useful data for reconstructing heterogenous flow 

configurations and enabling a deeper understanding of ice stream processes. It should be 

noted that CSRs are not a primary focus of this PhD project; however, the outputs from 

this example morphometry study may be used for more thorough investigations in future 

work. The CSRs located across the Great Slave Lake palaeo-ice stream located in the 

Northwest Territories, Canada, were mapped and analysed for demonstrative purposes 

of the toolbox only; no interpretation is provided (FIGURE 4.6).  

 

 

FIGURE 4.6.  Study area selected for mapping crevasse-squeeze ridges. Location: Great 

Slave Lake palaeo-ice stream, Northwest Territories, Canada [ice stream data source: 

Margold et al., 2015].  
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4.3.2 Feature digitisation / mapping 

To identify the target features and maximise mapping accuracy, both hillshade and slope 

renderings of the DEM were produced. The rendered hillshade was used to identify target 

features and the slope map was used to accurately identify the break in central and lateral 

slopes. Crestlines and outlines of each identified feature were carefully mapped and 

categorised by two shapefiles, a polyline shapefile for the crestlines, and a polygon 

shapefile for the outlines (FIGURE 4.7). Feature mapping was conducted manually and > 

11 000 CSRs were identified and digitised for the chosen study area. 

 

 

FIGURE 4.7. Example of a manually digitised crestline (pink) and outline (blue) of an 

identified target feature (CSR). A) Slope rendered DEM to accurately identify central and 

lateral slope breaks in the feature; B) Hillshade rendered DEM to identify the target feature 

[DEM source: ArcticDEM - Porter et al., 2018]. 
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4.3.3 Tool execution 

Once all identified features were digitised, the ‘3D Morphometry Toolbox’ was imported 

into the general ArcGIS ‘ArcToolbox’ ready for execution. A specific ‘Output Folder’ was 

created to store generated outputs from each tool. 

4.3.3.1 Primary tool execution ‘3D-Morphometry-Tool’ 

The digitised outlines, crestlines and DEM were selected in the primary tool user 

interface. The transect intervals were set at 10 m and the transect lengths were set at 250 

m, which were sufficient to extend beyond the width extent of the mapped outlines.  

4.3.3.2 Generated outputs (primary tool) 

The executed primary tool generated > 48 000 transects (in the form of a shapefile 

‘Transect_Morphometry.shp’), oriented perpendicular to, and at 10 m intervals along, 

each mapped crestline (e.g. FIGURE 4.8).  
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FIGURE 4.8.  Example of generated transects upon execution of the primary tool ‘3D-Morphometry-Tool’ with inset attribute table showing calculated 

morphometrics per transect. Transects are oriented 90⁰ to the feature crestline and are spaced at 10 m intervals [slope rendered DEM source: ArcticDEM 

- Porter et al., 2018].
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A series of summary histograms were also automatically generated providing a 

preliminary visualisation of the calculated transect morphometry data prior to performing 

any quality control checks (FIGURE 4.9). 
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FIGURE 4.9.  Series of automatically generated summary histograms providing a graphical representation of the initial calculated transect morphometry. 

A) cross-sectional volume, B) asymmetry, C) cross-sectional area, D) average slope, E) height and F) width. 
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This quantification is useful for highlighting any preliminary inferences relative to the 

form and process of target features and thereby guiding further investigations. In this 

instance, ‘asymmetry’ is a useful morphometric, suggesting that the CSRs in this sample 

are generally symmetrical, consistent with their origin as deposits that are squeezed into 

(symmetrical) crevasses. This may be a useful morphometric for CSR identification and 

differentiation from superficially similar landforms in future studies. 

4.3.3.3 Quality control 

Quality controls checks were conducted by reviewing both the 

‘Transect_Morphometry.shp’ attribute table and observing the placements of the 

generated transects. As can be seen in the summative histograms (FIGURE 4.9E), some 

negative morphometric values, indicating hollows rather than ridges, were produced due 

to inaccuracies during the digitisation process. Given that CSRs are positive relief features, 

all negative values were removed. This was done by sorting the attribute table by height 

and removing the transects of negative values.  

4.3.3.4 Secondary tool execution ‘Average-Feature-Morphometry’ 

Once quality control checks were complete and the output data from the primary tool 

was refined (e.g. negative/anomalous transects removed), the secondary tool was 

executed to provide averaged transect morphometry for each identified feature. 

The generated ‘Feature_Morphometry’ file and the refined ‘Transect_Morphometry’ 

file were selected in the secondary tool user interface, along with the original ‘Feature 

Outline’ shapefile and ‘Output Folder’ to store generated outputs. 

4.3.3.5 Generated outputs (secondary tool) 

Upon execution of the secondary tool, a new output ‘Av_Feature_Morphometry.shp’ was 

produced which contained calculated transect morphometrics averaged across each 

individual parent feature.   

4.3.4 Further analysis 

4.3.4.1 Data visualisation 

Upon execution of both the primary and secondary tools, the calculated 3D 

morphometrics were visualised using a colour-graded scale to highlight any patterns in 
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feature morphometry. Patterns were also assessed at smaller scales, along individual 

feature lengths, and at macroscales across wider spatial areas to assess any larger 

distributional patterns (see example shown in FIGURE 4.10).  

 

 

FIGURE 4.10. Example transect morphometry visualisation showing transects generated 

at 10 m intervals. The ‘cross-sectional area’ calculated along each transect are shown and 

colour-graded to represent high (red) - low (blue) values. This is a powerful method in 

which to analyse variations along single features. This method can be repeated for each 

morphometric as required. In addition, the wider scale visualisation of calculated 

morphometrics at each transect segment is a useful method to explore any spatial 

clustering as demonstrated in this example. [DEM source: ArcticDEM - Porter et al., 2018]. 

4.3.4.2 Statistical tests 

As initial data observations inferred some patterning to the spatial distribution of 

morphometry (FIGURE 4.10), further statistical tests were undertaken. Specifically, a ‘hot 
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spot analysis’ test (Getis-Ord Gi*; ArcGIS Spatial Statistics Tool) was conducted to reveal 

any clustering in morphometrics and test for any statistical significance in spatial 

distribution (FIGURES 4.11 & 4.12).  

 

 

FIGURE 4.11. Example results of ‘Getis-Ord Gi* Hot Spot Analysis’ conducted on the 

‘TOTAL_VOL’ attribute of the ‘Av_Feature_Morphometry.shp’ file. Results show a 

statistically significant clustering in CSR volumes (central clustering of higher values and 

southward clustering of lower values). [DEM source: ArcticDEM - Porter et al., 2018]. 

 



 
 

83 
 

 

FIGURE 4.12. Wider spatial coverage results of ‘Getis-Ord Gi* Hot Spot Analysis’ 

conducted on the ‘TOTAL_VOL’ attribute of the ‘Av_Feature_Morphometry.shp’ file. 

Results show a statistically significant clustering in CSR volumes. An inset histogram is 

provided to summarise feature volume of the dataset [DEM source: ArcticDEM - Porter et 

al., 2018; Ice stream flow direction source: Margold et al., 2015]. 

This test could be repeated for each morphometric parameter to provide a more 

detailed assessment of the target features and relative spatial patterning. Furthermore, 

the demonstrated ‘hot spot analysis’ test provides a more robust assessment of the 

morphometric data and allows theoretical inferences to be made, particularly with regard 

to genesis and evolution. Differences in volume may relate to, for example, regional 

variations in sediment supply, or variations in the extent of crevassing. 

4.4 Wider applications 

Morphometric applications are used in many areas of landscape research and 

environmental management, including: fluvial geomorphology (Li et al., 2022; Sarif et al., 

2021; Simon et al., 2016; Re et al., 2018), glacial geomorphology (Butcher et al., 2016; 

Butcher et al., 2020; Storrar et al., 2015; Ely et al., 2017), tectonic landform research 
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(Bethell et al., 2022; Karagoz et al., 2022; Stretch et al., 2006; White et al., 2002) 

mountainous landscape research (Garcia-Ruiz et al., 2000; Kaufman & Calkin, 1988; Valla 

et al., 2010), geoarchaeological landscape research (Abballe & Cavalazzi, 2021; Davis, 

2018), and geomorphological heritage research (Gomez-Heraz et al., 2019). 

This toolbox may be utilised for the measurement of any elongated landscape feature 

for which users require a detailed 3D morphometric assessment. As such, application is 

not limited by discipline area and may extend to a wide range of studies, including 

surveying of artificial landscape features in the built environment, such as railway 

embankments. Furthermore, this toolbox may be used to capture a single 3D 

morphometric assessment of a landscape feature, which may be useful for landform 

classification and/or to enhance feature diagnostic criteria. Alternatively, the toolbox may 

be applied as a repeated monitoring method with which to analyse evolutionary 

properties. This may be particularly useful in contemporary, fluvial settings, for example. 

The toolbox can easily be applied to negative-relief landscape features (e.g. river 

channels) by simply switching the sign of height, cross-sectional area and volume values. 

4.5  Additional advice & comments 

It is required when mapping to ensure that each identified target feature has both a single 

crestline and an outline. The accuracy of the output data and calculated morphometry is 

dependent on the accuracy of the input feature mapping. It is advised to ensure that 

digitised crestlines extend beyond the length of the related outlines, because these will 

be clipped to the extent of the outlines upon tool execution. It is also advised to set 

transect lengths sufficient to extend beyond the largest width of the mapped feature 

outlines.  

Transects are placed perpendicular (90⁰) to crestline orientation. In rare 

circumstances, highly sinuous features may produce some distorted transect placements. 

It is advised that, once the primary tool has been executed, the user undertakes a visual 

quality control assessment of the transect placements to ensure that outputs are within 

a reasonable range/placement. Erroneous transects may be either manually removed or 

modified as appropriate. It should be noted that if any transects are removed, the 

preliminary summary histograms will no longer be accurate. 
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If a .csv file is required for further data manipulation, the attribute table of the .shp 

files may be converted to a .csv file using the ArcGIS ‘conversion’ toolbox. Updated 

summary statistics and histograms can then be produced manually from the .csv file. 

4.6  Conclusions  

This toolbox provides a method for the extraction and calculation of highly detailed 3D 

morphometric data for mapped elongated landscape features. The tool may be used for 

the measurement of any elongated landscape feature where users require a detailed 3D 

morphometric assessment.  Application may extend to a wide range of studies including: 

fluvial geomorphology, glacial geomorphology, tectonic landform research, mountainous 

landscape research, geoarchaeological landscape research, geomorphological heritage 

research, as well as surveying of artificial landscape features in the built environment, 

such as railway embankments.  

This toolbox may be used to capture a single 3D morphometric assessment of a 

landscape feature or applied as a repeated monitoring method in which to analyse 

dynamic changes. The toolbox may also be applied to negative-relief landscape features 

(e.g. river channels). It is intended that this tool be accessible for research and industry 

GIS users ranging from novice to advanced user levels.  The 3D Morphometry Toolbox 

Python script is open-access and can be downloaded from the GitHub repository. The 

script may be further developed to meet user-specific requirements, if desired.  
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Chapter 5: 3D morphometry of De Geer Moraines and Crevasse-Squeeze 

Ridges: Differentiating between pushing and squeezing mechanisms 

from remotely sensed data 

 

Citation: Rivers, G.E., Storrar, R.D., Jones, A.H. & Ojala, A.E.K. (2023). 3D morphometry of 

De Geer Moraines and Crevasse-Squeeze Ridges: Differentiating between pushing and 

squeezing mechanisms from remotely sensed data. Quaternary Science Reviews, vol. 

321(108383). DOI: https://doi.org/10.1016/j.quascirev.2023.108383 

 

This chapter presents the results of a large-scale 3D morphometry study, quantifying 

differences and/or similarities between DGMs and CSRs, and constraining DGM formation 

properties. This work utilises the method outlined in chapter 3 and contributes toward 

research objective (1). 

 

Abstract 

DGMs and CSRs are important landforms that can provide useful insights regarding 

palaeo-ice sheet processes. Specifically, these landforms can provide information 

regarding ice-marginal dynamics and/or subglacial processes, depending on the context 

in which they form. Visual similarities between DGMs and CSRs have historically proven 

problematic for landform differentiation and have been an area of contentious debate 

surrounding DGM formation. Morphometric quantification of these landform groups can 

help to elucidate respective formation processes and enable more accurate landform 

differentiation.  This study presents a detailed morphometric comparative investigation 

of DGM and CSR landforms which accurately quantifies landform morphometrics, 

elucidates formation properties, and highlights differences between the landform groups 

that can be used as a justifiable means for differentiation and classification. Results reveal 

key differences in morphometric properties between the landform groups which enables 

a quantified foundation by which to differentiate them. Specifically, the studied CSRs are 

found to be higher, wider, steeper, more symmetrical, less sinuous and more voluminous 

that the studied prominent DGMs. In contrast, a tendency for cross-sectional asymmetry 

https://doi.org/10.1016/j.quascirev.2023.108383


 
 

87 
 

in DGMs supports an ice-marginal push origin, rather than a basal squeeze-up into 

crevasses. This is further supported by CSRs being less sinuous than DGMs due to the 

deposits being constrained by dimension and planform of the (relative straight) host 

crevasses, whereas DGMs follow a more sinuous path, related to the shape of the ice 

margin. This study provides foundational evidence to suggest that DGMs are formed at 

the grounding line of subaqueous ice margins; however, further work should include 

sedimentological and geophysical studies to investigate DGM internal architecture and 

validate preliminary inferences. 

5.1 Introduction 

DGMs are low-amplitude, narrow and elongate ridges formed at the grounding line of 

water terminating ice margins and are orientated parallel to former ice flow direction 

(section 2.4). In length, they can extend up to several kilometres; heights can range from 

a few centimetres, resembling sediment traces, or extend up to 10 metres. Widths have 

been reported as generally <50 m; however, observations of up to 100s of metres have 

been described (Borgstrom, 1979; Finlayson et al., 2007; Golledge & Phillips, 2008; Larsen 

et al., 1991 & Ojala et al., 2015). 

CSRs are low-amplitude, narrow, sharp-crested ridges formed by sediments being 

deposited within either full depth or basal crevasses (section 2.5). These ridges tend to 

form in clusters, mirroring the spatial pattern of crevassing (Benn & Evans, 2010) and are 

broadly orientated transverse to former ice flow; however, observations have reported 

variable spatial distribution patterns (Evans et al., 2016). Due to a subglacial origin, CSRs 

can provide important information regarding subglacial ice sheet processes such as 

subglacial hydrology and pressure regimes, which can be used to inform contemporary 

ice sheet behaviour (Evans et al., 2016; Rea & Evans, 2011). 

DGMs and CSRs share similarities in morphometry and spatial distribution and can be 

difficult to qualitatively distinguish and correctly classify (section 2.4 - 2.5). This been a 

long-standing area of contention amongst researchers whereby DGM formation has 

remained ambiguous with extensive debates between ice marginal push versus crevasse 

infill methods (Beaudry & Prichonnet, 1991 & 1995; Blake, 2000; De Geer, 1940; Hoppe, 

1957 & 1959; Streuff et al., 2015). The differences in depositional environment and 
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formation processes between these landforms make accurate distinction crucial as they 

each provide different information relative to ice sheet dynamics.  

To overcome this issue, a detailed large scale morphometry study was undertaken 

whereby geometries of DGMs and CSRs are compared. The aim of this was to enable any 

key differences in form to be revealed, improve landform classification, and help to 

develop a more detailed understanding of formation processes and depositional 

environments for each landform. 

As highlighted in chapter 4, the quantification of landform morphometry requires the 

accurate measurement of geometric properties. The acquisition of basic measurements 

such as length and footprint area are relatively straight-forward; however, this can 

become more challenging when working with very large datasets, and with landforms 

that possess a high spatial variability (Storrar et al., 2015). Furthermore, for the purposes 

of distinguishing between similar landforms, basic metrics such as length and footprint 

area, may not provide enough detailed information relative to formation properties and 

therefore more detailed metrics such as height, asymmetry and volume may be required. 

The development of the automated 3D morphometric toolbox outlined in chapter 3 

provides a valuable solution to these issues by enabling automated calculation of very 

detailed 3D morphometric data for more robust comparative analyses. 

5.2 Formation of DGMs & CSRs 

5.2.1 De Geer moraines 

DGMs were first observed in Sweden and described as small, regular, frontal moraines by 

Gerard De Geer in 1889 (De Geer, 1889 & 1940) who interpreted them as annual 

moraines. In profile form, they can present as linear, concave, or convex, depending on 

the topographic controls, and have commonly been described as having asymmetrical 

properties, with a steeper distal side, although symmetrical properties have also been 

observed (Hoppe, 1959; Golledge & Phillips et al., 2008; Ojala et al., 2015). They typically 

occur in swarms of successive ridges, covering large tracts of terrain, exhibiting high 

parallel conformity, with either regular or irregular arrangements (FIGURE 5.1).  

DGM observations are most common in low-relief terrain, below the highest shoreline 

of proglacial lakes/seas, where the grounding line was subaqueous (Bouvier et al., 2015; 

Embleton & King, 1968; Finlayson et al., 2007; Hoppe, 1959; Lindén & Möller, 2005; 
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Larsen et al., 1991; Lundqvist, 1981; Ojala et al., 2015; Ojala, 2016), although observations 

have also been made in mountainous-valley, lacustrine environments (Borgström, 1979; 

Golledge & Phillips, 2008). Preservation potential is variable and strongly influenced by 

topography and fluvial reworking due to the low-amplitudes and the low-relief 

environments in which they reside (Aartolahti, 1972). Moreover, postglacial 

sedimentation can create challenges with respect to masking and landform identification. 
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FIGURE 5.1. Digital Elevation (DEM) with multi-directional hillshade (MDOW) and oblique aerial drone imagery capturing distinct and regularly spaced De 

Geer moraine formations situated in SW Finland. Intermediate De Geer moraines can also be in image C. A) Torholankulma, Salo; B) Kurimäki, Salo; C) 

Konnonperä, Isokyrö; D) Palpuro, Hyvinkää; E) Haaro, Perniö and F) Suorsalantie, Mynämäki [DEM source: ®National Land Survey of Finland, LiDAR digital 

elevation mode, 2/2023] (Rivers et al., 2023).  
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DGMs have been described using a variety of terms within the literature including: 

calving moraines (Frödin, 1916), cross-valley moraines (Embleton & King, 1968; Hoppe, 

1959), end moraines (Smith & Hunter, 1989), washboard moraines (Mawdsley, 1963, 

minor moraines (Smith, 1982) and transverse eskers (Virkkala, 1963), which allude to the 

ambiguity surrounding formation properties. A review of existing literature indicates two 

domination formation hypotheses which are discussed in chapter 2, section 2.4.1. 

5.2.2 Crevasse-squeeze ridges 

CSRs are straight, narrow, sharp-crested ridges formed by basal sediments being 

deposited within full depth and/or basal crevasses in glacial ice (Benn & Evans, 2010). Due 

to the requirement of crevasses, the spatial distribution of CSRs generally preserve the 

spatial pattern of crevassing. As the sediments originate from the bed of the ice, the 

preserved ridges can provide important information regarding subglacial processes such 

as pressure gradients, hydrological regimes, strain rates and fracture patterns (Evans et 

al., 2016; Rea & Evans, 2011). 

Morphometrics are variable but can be summarised as: height <1-8 m (Benn & Evans, 

2010; Ben-Yehoshua, 2017; Kurjanski et al., 2019; Sharp, 1985; Sobota et al., 2016), width 

0.5-7 m (Ben-Yehoshua, 2017; Sobota et al., 2016) although have been observed of up to 

270 m in submarine environments (Kurjanski et al., 2019), length <100 m (Evans et al., 

2016; Ó Cofaigh et al., 2010) although several hundred metres have also been described 

(Clapperton, 1975; Kurjanski et al., 2019). Slope angles have been observed up to 70-80⁰ 

(Lovell et al., 2015); however, it should be noted that extent and slope of these ridges are 

highly dependent on preservation potential, whereby slope decreases with sustained 

subaerial exposure (Ben-Yehoshua, 2017). Moreover, interstitial ice content is a 

characteristic which increases susceptibility to melt-out reworkings. 

The spatial distribution, size and patterning of CSRs are highly variable due to the 

various stress patterns produced in different topographic and ice dynamic settings. Some 

studies describe distinct geometrical ridge networks, with rhombohedral, cross-

cutting/intersecting patterns (Lovell et al., 2015; Ottesen and Dowdeswell, 2006 & 

2008; Solheim, 1991), others describe patterns of linear ridges orientated transverse to 

sub-parallel to former ice flow (Clapperton, 1975; Kurjanski et al., 2019; Sharp, 1985), 

some describe networks as a branched ridge system (Ben-Yehoshua, 2017), and others 

https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib72
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib82
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib104
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib25
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib65
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib95
https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib9
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have described more chaotic-like patterns with attenuated ridges that have no preferred 

orientation (Lovell et al., 2015) (FIGURE 5.2). 

 

 

https://www.sciencedirect.com/science/article/pii/S0277379123004316?ref=cra_js_challenge&fr=RR-1#bib72
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FIGURE 5.2. A) Series of aerial photographs of CSR landforms located in the Northwest Territories, Canada [courtesy of Roger Paulen]. B) Hillshaded DEM 

showing example CSRs identified across a section of the former Great Slave Lake ice stream, northwest Territories, Canada [DEM source: ArcticDEM – 

Porter et al., 2018]. 
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The contrasting formation theories of DGMs and CSRs emphasise the need to 

accurately differentiate between the two landform groups. Moreover, if DGMs are to be 

used as ice marginal indicators, their formation properties must be correctly constrained. 

As such, this study seeks to acquire large-sample 3D morphometric data of both DGM and 

CSR landform groups to enable differentiation and gain insights into formation processes. 

This specific investigation aims to address research objective 1; ‘constrain DGM formation 

processes via triangulation of morphometric, sedimentological, and geophysical datasets’. 

5.3 Study Areas 

5.3.1 Southwest Finland (DGMs) 

DGMs are particularly abundant across southwest Finland as artefacts from the former 

FIS during the Weichselian deglaciation (Mäkinen et al., 2007; Ojala, 2016). By the end of 

the Weichselian, the eastern margins of the FIS stretched across Finland forming the 

Salpausselkä moraines. At this point, the ice margin became crenulated and resulting in 

the formation of several independent ice lobes which operated time-transgressively 

(Boulton et al., 1996; Mangerud et al., 2022). The DGMs in southwest Finland reside 

within the southern sector of the Baltic Sea Ice Lobe (section 3.3.1), mostly up-ice from 

the First and Second Salpausselkäs (FIGURE 5.3).  This area contains the classical DGM 

fields - the Eura-Lavia, the Mynämäki-Pyhämää and the Halikko-Suomusjärvi (Mäkinen et 

al., 2007; Ojala, 2016; Zilliacus, 1989) – that present distinct and rhythmic patterns 

characteristic of DGMs. Due to the abundance and distinct regularity of DGMs, this 

location was deemed advantageous for offering a sufficiently large and representative 

dataset in which to study morphometry and spatial distribution. 
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FIGURE 5.3. Study area selected for DGM data collection in southwest Finland. The 

location of De Geer moraines fields has been adapted from Ojala (2016) and Baltic Sea Ice 

Lobe boundary and Salpausselkä moraine positions are based on Palmu et al., (2021). The 

study area encompasses DGMs that are positioned northwest of the second Salpausselkä 

moraine (Rivers et al., 2023). 

5.3.2 Northwest Territories, Canada (CSRs) 

The CSRs sampled in this study area associated with the former Great Slave Lake Ice 

Stream (Margold et al., 2015), located in the interior plains of the Northwest Territories, 

Canada (FIGURE 5.4A). CSR spatial distribution in this area present as a linear swarm, 

spanning a section inside of the ice stream shear margin (FIGURE 5.4A). Ridges exhibit 

clear geometric networks with evidence of cross-cutting, oblique and contrasting 

orientations (FIGURE 5.4B), consistent with well-documented observations of typical CSRs 

elsewhere (Ankerstjerne et al., 2015; Cline et al., 2015; Evans et al., 2016; Norris et al., 

2018; Ó Cofaigh et al., 2010; Ross et al., 2009). In addition, their occurrence at the shear 

margin, a region characterised by high extension stress regimes, is also consistent with a 

crevasse origin. An area of 20 km2 was sampled. 
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FIGURE 5.4.  A) Study area chosen for CSR data collection; a 20 km2 section of the former 

Great Slave Lake Ice Stream, Northwest Territories, Canada [ice stream data source: 

Margold et al., 2015]. Location map shows the study area situated inside of the shear 

margin of the palaeo-ice stream. B) Hillshaded DEM indicating mapping extent of CSRs at 
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the study area. Imagery shows ridges arranged in a linear and cross-cutting configuration. 

[DEM source: ArcticDEM – Porter et al., 2018] (Rivers et al., 2023). 

5.4 Methods 

5.4.1 Data collection 

In this study, ridges were subcategorised into prominent and intermediate DGMs as 

defined by successive regularity, lateral continuity and height (see section 5.2.1). CSRs 

were not sub-categorised. DEMs with 2 m horizontal resolution were obtained for each 

study area (LiDAR, National Land Survey of Finland, 6/2023; ArcticDEM – Porter et al., 

2018).  

Data was acquired manually by carefully scanning each DEM for evidence of target 

landforms (e.g. ridges that could be qualitatively interpreted as DGMs and CSRs). A dual 

rendering of each DEM was performed producing a hillshade two different azimuths 

applied to reduce shadow bias and accurately identify target landforms (Smith & Clark, 

2005), and a slope rendering to maximise the identification of central and lateral slope 

breaks for each feature (Chandler et al., 2018). Crestlines and outlines of each identified 

landform were traced using ArcMap (ArcGIS, ESRI) and stored as two separate shapefiles; 

a polyline shapefile for the crestlines, and a polygon shapefile for the outlines. 

5.4.2 Quality control: relative accuracy 

The absolute vertical accuracy of Finnish LiDAR data is ±0.1 m (National Land Survey of 

Finland, 6/2023) and 1.6 m for the ArcticDEM (Natural Resources Canada, 2015). In this 

study, however, the absolute accuracy (i.e. correct spatial positions) are not important; 

rather, it is the relative accuracy (the reliability of internal measurements from the DEM) 

that determine the reliability of the data. The differences in relative vertical accuracy 

between the two datasets were determined by conducting a preliminary test prior to data 

analysis to compare calculated height across a set of mapped DGMs in southwest Finland 

using both DEM sources. 573 transects were compared across an area of ~4 km2. A 

Wilcoxon signed-rank test showed a small (relative to the feature height) but statistically 

significant mean difference of 0.79 m between the two datasets (z=-12.8, p<.001, r=-0.05) 

(Appendices Figure 1). The results showed that 76% of the calculated LiDAR heights were 

greater than those calculated from the ArcticDEM data. 
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5.4.3 Morphometric calculations 

Once all target landforms had been mapped, morphometrics were calculated. The 

automated python-based ArcGIS 3D morphometric toolbox was used to automatically 

calculate detailed 3D morphometrics of each sampled landform group (chapter 4). This 

automated toolbox functions by firstly placing transects along each mapped crestline 

(orientated 90⁰ to the crestline) at user-defined intervals to obtain detailed segmented 

cross-sectional morphometrics; and secondly, by averaging the morphometrics per 

landform to provide a whole-feature morphometric assessment (Rivers et al., 2023).  This 

enabled both individual feature and between feature analyses. Calculated morphometrics 

include: length, sinuosity, area, slope, height, width, asymmetry, cross-sectional area, and 

volume. For this study, transects were set at 20 m intervals, which was deemed 

appropriate given the general length of the mapped landforms. Additional quality control 

checks upon tool execution were also performed as recommended in chapter 4 to remove 

any distorted transects. 

5.5 Results 

2 581 prominent DGMs and 1 385 intermediate DGMs were identified and mapped across 

southwest Finland. 1 159 CSRs were identified and mapped across the area defined in the 

Northwest Territories, Canada. 27 753 transects were generated across the prominent 

DGM features, 6 118 transects across the intermediate DGMs feature, and 18 564 

transects across the CSR features (post quality control checks). It should be noted that 

some intermediate DGMs were found to be very low amplitude which reduced accurate 

identification of landform perimeters. This inevitably limited analysis of wider spatial 

distribution for intermediate DGMs; however, the acquired data remains valuable for 

comparative morphometric assessments and single feature variability analysis. 

Once the 3D morphometric data had been generated for each dataset, comparative 

assessments were undertaken. Transect data was used to assess height, width, slope and 

asymmetry. Average feature data was used to assess length and sinuosity. Extreme values 

that deviated greatly from the overall dataset were removed to mitigate significant skews. 

5.5.1 Summary statistics 

Summary statistics of each quantified landform are provided in TABLE 5.1, TABLE 5.2, 

TABLE 5.3 and FIGURE 5.5, followed by a description of each metric in turn. 
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TABLE 5.1. Summary statistics of quantified prominent DGM morphometrics (Rivers et al., 

2023). 

 Height 

(m) 

Width 

(m) 

Slope (⁰) Asymmetry Length 

(m) 

Sinuosity 

Mean 1.05 24.33 10.07 0.54 213.49 1.034 

Median 0.89 22.62 9.22 0.55 184 1.025 

Min 0.1 1.99 0.72 0.009 28 1 

Max 5.87 79.52 41.53 1 953 1.29 

Std. Dev 0.72 8.92 4.75 0.10 127.45 0.03 

Kurtosis 2.32 4.48 1.16 0.28 3.85 8.12 

Skewness 1.30 1.60 0.98 -0.12 1.63 2.34 

Variance 0.52 79.62 22.55 0.01 16242.39 0.001 

 

TABLE 5.2. Summary statistics of quantified intermediate DGM morphometrics. (Rivers et 

al., 2023). 

 Height 

(m) 

Width 

(m) 

Slope (⁰) Asymmetry Length 

(m) 

Sinuosity 

Mean 0.87 18.38 10.55 0.50 82.45 1.029 

Median 0.72 17.46 9.89 0.51 69 1.0152 

Min 0.1 1.08 0.57 0.002 12 1 

Max 5.54 78.86 35.19 0.97 448 1.26 

Std. Dev 0.64 6.37 4.63 0.11 51.99 0.04 

Kurtosis 3.92 7.79 0.63 0.65 5.98 7.05 

Skewness 1.56 1.66 0.78 -0.11 1.99 2.35 

Variance 0.41 40.62 21.47 0.01 2703.10 0.001 

 

 

 

 



 
 

100 
 

TABLE 5.3. Summary statistics of quantified CSR morphometrics. (Rivers et al., 2023). 

 Height 

(m) 

Width 

(m) 

Slope (⁰) Asymmetry Length 

(m) 

Sinuosity 

Mean 2.73 45.30 12.62 0.49 288.66 1.028 

Median 2.17 41.55 11.14 0.50 245 1.016 

Min 0.1 1.10 0.24 0.004 39 1 

Max 13.90 99.99 60.90 0.98 794 1.33 

Std. Dev 2.18 18.44 7.53 0.09 164.69 0.04 

Kurtosis 2.05 0.23 1.35 0.75 0.38 13.42 

Skewness 1.33 0.74 1.05 -0.03 1 3.16 

Variance 4.77 340.16 56.74 0.01 27122.15 0.002 
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FIGURE 5.5. A series of boxplots presenting comparative summary statistics of quantified 

prominent DGM, intermediate DGM and CSR morphometry data. A) Transect Height, B) 

Transect Width, C) Transect Average Slope, D) Transect Asymmetry, E) Feature Length, F) 

Feature Sinuosity, G) Average Width Standard Error, and H) Average Cross-Sectional Area 
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Standard Error. The lower and upper whiskers represent the minimum and maximum 

values of the data respectively with outliers residing outside of each whisker limit, the box 

represents the interquartile range (IQR) (e.g. 50% of the data) with the lower limit 

representing the lower quartile (Q1) and the upper limit representing the upper quartile 

(Q3). The central interquartile line represents the median value of the dataset. The white 

+ symbol represents the mean average value. Extreme values that extended far beyond 

the general dataset were removed. (Rivers et al., 2023). 

Results from each landform group across all morphometrics are positively skewed, 

except for asymmetry, which shows a negative skew across all landform groups 

(prominent DGM -0.12; intermediate DGMs −0.11; CSRs −0.03). Whilst asymmetry is 

similar across all landform groups, prominent DGMs appear slightly more asymmetrical; 

this can be seen by comparison of the IQR where prominent DGMs show slightly greater 

median and mean values, and the third quartile exceeds 0.6 (FIGURE 5.5). 

CSRs show a positive skewness for width, that is less positively skewed than height. 

Across all landform groups, CSRs show the most variability across all morphometrics, with 

the exception of asymmetry and sinuosity - this is highlighted in the standard error results 

(FIGURE 5.5G and H). Intermediate DGMs overall have the lowest values and least 

variability across each morphometric, particularly for length, width, and height. 

Sinuosity values are similar between prominent and intermediate DGMs, however, the 

IQR of intermediate DGMs extends lower than prominent DGMs showing that 50 % of the 

intermediate DGM sample are less sinuous than prominent DGMs. CSRs are the least 

sinuous landform across each group. 

CSRs appear to be the greatest in length across all landform groups with the most 

variability. However, this could be due to the discontinuous nature of prominent DGMs, 

which commonly consist of multiple fragments with small gaps, which would be 

significantly longer if taken together. The same is not true of CSRs. 

Overall, the results show that the prominent DGMs are more sinuous, and slightly 

more asymmetrical than CSRs. CSRs are wider, higher, straighter, and more symmetrical. 

Intermediate DGMs are shorter, narrower, and less sinuous than prominent DGMs, but 

more sinuous than CSRs. 
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The differences in calculated height between the DGMs and CSRs are substantially 

greater than the mean difference between the different DEM sources as reported above 

(i.e. 0.79 m; section 5.4.2) (Appendices Figure 1), confirming that the differences are 

genuine and not an artefact of the underlying data. 

5.5.2 Statistical tests 

Following the primary comparative assessments, a parametric, two-tailed, z-test was 

conducted against each morphometric to test for any statistically significant differences 

between mean averages across each landform group. The results are presented in TABLE 

5.4. 

TABLE 5.4. Z-test results table summarising each tested morphometric. (Rivers et al., 

2023). 

Height 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

-101.04 Significant 

difference 

CSRs greater in 

height 

Intermediate DGMs 

vs CSRs 

103.13 Significant 

difference 

CSRs greater in 

height 

Prominent DGMs vs 

Intermediate DGMs 

19.2 Significant 

difference 

Prominent DGMs 

greater in height 

Width 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

-144.11 Significant 

difference 

CSRs greater in 

width 

Intermediate DGMs 

vs CSRs 

170.41 Significant 

difference 

CSRs greater in 

width 

Prominent DGMs vs 

Intermediate DGMs 

60.98 Significant 

difference 

Prominent DGMs 

greater in width 
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Slope 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

-41.04 Significant 

difference 

CSRs greater slope 

angles 

Intermediate DGMs 

vs CSRs 

25.5 Significant 

difference 

CSRs greater slope 

angles 

Prominent DGMs vs 

Intermediate DGMs 

-7.4 Significant 

difference 

Intermediate DGMs 

slightly greater 

slope 

Length 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

-13.80 Significant 

difference 

CSRs greater in 

length 

Intermediate DGMs 

vs CSRs 

40.99 Significant 

difference 

CSRs greater in 

length 

Prominent DGMs vs 

Intermediate DGMs 

45.6 Significant 

difference 

Prominent DGMs 

greater in length 

Asymmetry 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

54.26 Significant 

difference 

Prominent DGMs 

greater asymmetry 

Intermediate DGMs 

vs CSRs 

-5.14 Significant 

difference 

Intermediate DGMs 

greater asymmetry 

Prominent DGMs vs 

Intermediate DGMs 

26.76 Significant 

difference 

Prominent DGMs 

greater asymmetry 

Sinuosity 

 Z Statistic  

(critical value: 1.96) 

Result Comments 

Prominent DGMs vs 

CSRs 

4.4 Significant 

difference 

Prominent DGMs 

greater sinuosity 

Intermediate DGMs 

vs CSRs 

-0.47 No significant 

difference 

Similar in sinuosity 

Prominent DGMs vs 

Intermediate DGMs 

4.13 Significant 

difference 

Prominent DGMs 

greater in sinuosity 
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The results from the statistical tests confirm that there is a statistically significant 

difference between each of the landform groups, with the exception of sinuosity, whereby 

intermediate DGMs and CSRs show no statistically significant difference. This is 

particularly important, as whilst the summary statistics showed that some metrics had 

only slight differences (e.g. asymmetry), these differences are significant and provide a 

substantive means by which to differentiate between each landform group. Furthermore, 

a statistically significant difference in asymmetry, with prominent DGMs being the most 

asymmetrical of the landform groups, provides a justified means by which to infer 

formational properties, and a scientific basis by which to correctly interpret and position 

these landforms within a wider glacial context. 

5.5.3 Landform summary 

Based on quantified morphometry, a summary table has been created (TABLE 5.5), 

providing a taxonomic generalisation of each landform. Each metric range has been taken 

from the lower and upper whiskers presented in the summary boxplots (FIGURE 5.5). 

TABLE 5.5. Landform summary table providing a taxonomic generalisation of prominent 

DGMs, intermediate DGMs and CSRs. (Rivers et al., 2023). 

 Prominent DGMs Intermediate DGMs CSRs 

Height (m) 0.1-2.7 0.1-2.3 0.1-8 

Width (m) 3.7-43 3.7-32 1.1-89 

Length (m) 28-486 12-182 39-710 

Slope (⁰) 0.7-21.6 0.6-22.5 0.2-31.7 

Asymmetry 0.3-0.8 0.2-0.8 0.3-0.7 

Sinuosity 1.1.09 1-1.1 1-1.09 

Volume (m3) 29-8067 7-2206 73-58841 
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FIGURE 5.6.  Schematic figure of Landform Summary Table 5.5, showing generalised 

morphometric differences between prominent DGMs, intermediate DGMs and CSRs. 

Prominent DGMs show as slightly more sinuous and asymmetrical in profile, whereas CSRs 

appear generally larger and straighter. NB: Prominent DGMs are typically the longest 

landforms across the groups; however, due to laterally discontinuity and mapping 

strategy, results may not always reflect this. 
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5.5.4 Spatial observations 

5.5.4.1 Single feature variability 

The calculated cross-sectional area for each transect is visualised using a colour-graded 

scale (high values in red, low values in blue) to assess spatial variations and/or patterns in 

morphometry along a single feature's length for each landform group (FIGURE 5.6A, B & 

C). Values were categorised using the ArcGIS automated natural breaks (Jenk's). The 

results reveal some along-profile variability across all landform datasets; however, the 

variability of CSRs appears to be greatest compared to the other landform groups (FIGURE 

5.6C). This is reflected in the standard error results (FIGURE 5.5G and H). 
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FIGURE 5.7.  Transect morphometry visualisation showing transects generated at 20 m intervals for each landform group: A) prominent DGMs; B) 

intermediate DGMs, and C) CSRs. The cross-sectional area calculated along each transect are shown and colour-graded to represent high (red) to low 

(blue) values. [DEM sources: A & B: ®National Land Survey of Finland, LiDAR digital elevation model, 6/2023; C: ArcticDEM – Porter et al., 2018]. (Rivers 

et al., 2023). 
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A closer assessment of single feature variability shows that, in some cases, the ridges 

are greater in size centrally along the feature profile, with values decreasing laterally 

(FIGURE 5.6A and C). This is likely a representation of sustained subaerial exposure and 

lateral erosion. However, with respect to CSRs, it could also be a preservation of the form 

of the crevasse in which the CSR was deposited, and may also be an indicator of the 

removal of lateral support following any interstitial melt and down-wasting of the 

surrounding ice (Rea & Evans, 2011). Generally, profile variability appears irregular across 

prominent DGMs, with sometimes greater values clustered to one side of the feature, or 

a section located centrally along the feature profile (FIGURE 5.6A). Intermediate DGMs 

present the least profile variability, showing generally uniform, low-relief metrics with 

occasional, sporadic cross-sections of greater values (FIGURE 5.6B). 

5.5.4.2 Macroscale variations 

To investigate wider spatial characteristics, and to test whether there are any patterns in 

landform distribution relative to key morphometric variables, a Getis-Ord Gi* cluster 

analysis was conducted (ArcGIS, ESRI). Hot spots (represented in red) show significant 

clustering of high values and cold spots (represented in blue) show significant clustering 

of low values. This test was performed on the total volume, average width, and average 

height metrics for prominent DGMs (FIGURE 5.7) and CSRs (FIGURE 5.8). This test was not 

conducted on intermediate DGMs because of the difficulties in mapping landform 

outlines across the entire study area due to very low relief features. 
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FIGURE 5.8. Results of ‘Getis-ord Gi* hotspot analysis'. A) prominent DGMs total feature volume; B) prominent DGMs average feature width; and C) 

prominent DGMs average feature height (Rivers et al., 2023). 
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FIGURE 5.9. Results of ‘Getis-ord Gi* hotspot analysis'. A) CSR total feature volume; B) CSR average feature width; and C) CSR average feature height 

(Rivers et al., 2023). 
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The results for prominent DGM total volume reveal a clustering of larger features in 

the northwest of the study area and minor clusters of both smaller and larger DGMs in 

the southeast (FIGURE 5.7A). A comparison between width (FIGURE 5.7B) and height 

(FIGURE 5.7C) show the variations of morphometrics across southwest Finland, with 

wider DGMs located in the southeast and higher DGMs located in the northwest. 

The results for CSR total volume show a cluster of larger CSRs situated in the southwest 

of the study area, closer to the ice stream shear margin (FIGURE 5.8A). Clusters of smaller 

CSRs appear to be located further into the ice stream northeast of the study area, with 

minor clusters of larger CSRs located north -northwest (FIGURE 5.8A). A comparison 

between width (FIGURE 5.8B) and height (FIGURE 5.8C) shows differences in spatial 

distribution. Clusters of wider CSRs (FIGURE 5.8B) appear to be situated in the north – 

northeast of the study area, with large clusters of narrower CSRs located both to the south 

and east. CSR height clusters appear to be larger and more distinctive than CSR width, 

with taller CSRs situated in the southwest and shorter CSRs situated to both the east and 

west of the study area. 

5.6 Discussion 

5.6.1 Glacial dynamics - the importance of DGMs and CSRs 

DGMs and CSRs are useful for providing insights regarding palaeo-glacial processes. 

Specifically, they can reveal information regarding spatiotemporal ice-marginal dynamics, 

ice-margin direction and/or subglacial processes. The review of literature highlights 

distinct similarities of morphology and distribution between DGMs and CSRs and brings 

attention to the issue of misinterpretation between these landforms (section 2.4 – 2.5). 

As CSRs preserve the spatial extent of crevasses, it should be noted that crevasses 

evolve and deform with ice flow. Considering contemporary crevassing studies, authors 

report that particularly in ice stream shear zones, crevasses can undergo a cycle of 

formation and rotation (Price and Whillans, 2001; Whillans and van der Veen, 2001), often 

described as a ‘chaotic crevasse network’ in contrast to the linear and geometric 

arrangements described in previous CSR studies (Evans et al., 2016). This chaotic 

assemblage has generally been related to ice stream shear margin environments and 

evidence of this may be found with more detailed analyses of variations in spatial 

distribution. 

https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib88
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib118
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib40
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CSR observations have been made in both terrestrial and submarine settings of surge-

type glaciers. This variability appears to play a role in both preservation potential and 

spatial distribution. CSRs observed in marine settings tend to be larger, particularly in 

height, which is likely due to protection from subaerial exposure and postglacial reworking 

(Boulton et al., 1996; Farnsworth et al., 2016; Lovell et al., 2015;  Ottesen and 

Dowdeswell, 2006;  Ottesen et al., 2008; Rea and Evans, 2011). In addition, investigations 

of different ice dynamics (i.e. surging ice vs ice streams) have revealed subordinate CSR 

patterns which may be useful in delineating ice flow dynamics (Evans et al., 2016). This 

supports the inference that variations in spatial distribution may reflect 

englacial/subglacial processes, such as stress regimes and hydrological pressures that 

would control fracturing processes (Rea and Evans, 2011). It is possible that these 

processes may be reflected in the hotspot analysis whereby morphometrics vary across 

the study area (FIGURE 5.8). Further mapping across the entire ice stream would be 

valuable to investigate how the spatial distribution of CSRs may vary across the wider 

palaeo-ice stream area. 

DGMs have also been observed in different environmental settings; however, in 

contrast to CSRs, DGM observations infer that a sub-aqueous environment is a 

fundamental requirement (e.g. marine or lacustrine) (Finlayson et al., 2007; Golledge and 

Phillips, 2008; Sinclair et al., 2018). DGM metrics from this study are slightly larger than 

those reported from a valley, lacustrine setting (Golledge and Phillips, 2008), thus 

reflecting the marine depositional environment of southwest Finland. 

5.6.2 CSR morphometry indicates crevasse in-filling 

Morphometrics of the CSRs are of a similar range to those reported from previous studies 

(e.g. Ben-Yehoshua (2017) reported CSR metrics of 1–7 m wide, 5–45 m long and 0.5–2 m 

high; Cline et al. (2015) reported CSR heights ranging from 0.5 to 2.5 m; and O'Cofaigh et 

al. (2010) reported heights of 1–4.5 m (based on field observations) and lengths of 400–

1000 m (based on Google Earth imagery), with some individual ridges extending up to 

5000 m long). Some of the CSRs from this study extend slightly larger than those reported 

from Ben-Yehoshua (2017) and Cline et al. (2015), showing more similarity to those 

described from the Maskwa Ice Stream (Evans et al., 2016). 

https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib17
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib42
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib72
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib82
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib82
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib83
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib90
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib40
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib90
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib45
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib49
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib49
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib97
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib49
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib9
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib27
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib9
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib27
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib40
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The greater width and height of CSRs compared with DGMs likely reflect controls of 

sediment supply and availability of accommodation space within the host crevasse cavity. 

Furthermore, the greater slope angles likely represent better preservation, as well as the 

nature of the material (e.g. angle of repose). Whilst postglacial erosional processes such 

as subaerial exposure and interstitial ice melt-out can degrade CSRs (Ben-Yehoshua, 

2017; Evans and Rea, 1999; Sharp, 1985), generally preservation potential is high due to 

ice stagnation and rapid down-wasting (Evans et al., 2016), or flotational passive retreat 

(Kurjanski et al., 2019). The greater width, height and slope of CSRs indicate an 

environment whereby depositional processes exceed erosion (e.g. crevasse infilling), in 

contrast to a subaqueous ice-marginal environment that may be exposed to glaciofluvial 

reworking. The lesser amplitude of DGMs supports the inference of a minor pushing 

formation, for example a minor winter readvance. The differences between the two 

landforms support the hypothesis that DGMs are ice-marginal features and not crevasse 

infills. 

In addition, the results show that CSRs possess a much greater variability, both 

between and within features, in their width, height and slope compared to DGMs 

(FIGURES 5.5G & H, 5.7 & 5.8). This is likely a reflection of the variable crevasse 

morphology in which they were formed, permitting a wider variability in the resultant fill 

ridges (Evans et al., 2016; Price and Whillans, 2001; Whillans and van der Veen, 2001). 

For example, crevasses are likely to be wider in the centre, pinching out at each end, thus 

providing variable accommodation space (FIGURE 5.5G and H; FIGURE 5.6C). In contrast, 

deposition in the ice-marginal environment would be characterised by relatively 

consistent width, which is controlled by the relatively uniform pushing of material. 

5.6.3 Lateral continuity of DGMs indicates ice-marginal formation 

The results show that CSRs appear to be longer than DGMs; however, this is unlikely to be 

a true feature of the data, as the mapped DGMs are smaller fragments of more 

continuous ridges. As such, lateral discontinuity is reflected in our morphometric results. 

If prominent DGMs segments were mapped continuously, it is likely that the results would 

reflect prominent DGMs that are greater in length compared to CSRs. CSRs would be 

restricted in length relative to their hosting crevasse, whereas DGM length would, 

assuming an ice-marginal pushing formation, be determined by ice marginal curvature, 
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dynamics and reworking, which may result in lateral discontinuity and/or crenulation 

(Aartolahti, 1972;  Lindén and Möller, 2005; Ottesen et al., 2008). 

The length of CSRs, in contrast to DGMs, has previously been used as a characteristic 

of identification, whereby authors have described CSRs to not follow a continuous lateral 

trend similar to DGMs, instead terminating sharply and offset with respect to each other 

(Kurjanski et al., 2019). 

5.6.4 DGM asymmetry indicates ice-marginal advance 

Both DGMs and CSRs have been described with either symmetrical or asymmetrical 

properties (Borgstrom, 1979; Rea and Evans, 2011). However, there is a large body of 

research that describe DGMs with asymmetric cross-sections, characterised by a steeper 

distal side, which has been related to a unidirectional push process during formation, 

whereby material is pushed forwards and then falls to form a shallow proximal slope and 

steep distal slope (Blake, 2000; Finlayson et al., 2007; Golledge and Phillips, 2008; Linden 

and Moller, 2005; Ojala et al., 2015).  

In contrast, CSRs have been described to have symmetrical cross-sections based on 3D 

seismic data (Kirkham et al., 2021) and sedimentological data (Ankerstjerne et al., 

2015; Sharp, 1985). This simply reflects the typically symmetrical cross-section of the 

crevasse cavity. Our data support these ideas, showing a slight, but statistically significant, 

difference in asymmetry between DGMs and CSRs, with DGMs presenting slightly more 

asymmetrical cross-sections. It should be acknowledged that each of these landforms can 

display both symmetrical and asymmetrical cross-sections; however, our large-scale 

dataset support an ice-marginal formation of DGMs, although sedimentological data will 

be important to validate this. This is presented and discussed later in chapter 6. 

5.6.5 Wider spatial variability of prominent DGM morphometry 

The variability in overall volume of prominent DGMs (FIGURE 5.7A) across the wider study 

area may highlight several controlling factors such as: topographic controls, sediment 

availability, preservation potential, postglacial clay masking, water depth, elevation, rate 

of retreat, ice margin configuration or flow dynamics. The differences between width and 

height (FIGURE 5.7B and C) could also be indicative of each of the controls described 

above. For example, wider, lower DGMs in the southeast may reflect a restricted sediment 

supply and/or differences ice configuration/flow compared to the northwest of the study 
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area. It may also reflect greater erosional processes and slope degradation due to 

differences in postglacial reworkings and sub-aerial exposure. 

5.6.6 Wider spatial variability of CSR morphometry 

The spatial distribution and cluster analysis of CSRs may indicate controls related to the 

ice stream shear margin. The results from this study show a large cluster of more 

voluminous CSRs closer to the shear margin. This is similar to CSR spatial distributions 

reported from previous studies (Lovell et al., 2015). As the study area is not situated 

directly across the shear margin, it is possible that CSR spatial distribution may reflect ice 

stream shear margin migration (Haseloff, 2015; Stokes, 2000). The clustered CSR spatial 

distribution may also highlight other controls relating to ice stream bed characteristics 

such as: sediment availability, topography, roughness, and lithology (Stokes, 2000). Each 

of these would influence stress regimes, fracturing processes, and hydrological pressures 

within and beneath the ice. CSRs transportation should also be acknowledged, whereby 

CSRs are formed within a crevasse which is then transported englacially before final 

deposition (Ben-Yehoshua, 2017; Sobota et al., 2016). The CSRs in this study were not 

mapped for the purpose of spatial pattern analysis. Whilst some observations can be 

made from our data, given the various possible controls on spatial distribution, extended 

mapping would be required to investigate CSRs and ice stream/shear margin dynamics 

further. 

5.6.7 Intermediate De Geer moraines 

Regarding geomorphological appearance, there are many different types of DGM fields in 

Finland and intermediate DGMs are not always present (Ojala, 2016). These intermediate 

DGM ridge-types are observed either 1) in the spaces between regularly spaced 

prominent DGMs (FIGURE 5.1A), or 2) in separate fields that have no regularly spaced 

prominent DGMs. The morphometric results show that these intermediate ridges are 

different to prominent DGMs, generally presenting as lower relief features. In addition, 

these intermediate DGMs show less asymmetry than that of prominent DGMs which 

could indicate a different formation process. It could be, for example, that they are 

subdued versions of prominent DGMs, or it could be that they are crevasse infills formed 

behind the grounding line that is marked by the prominent DGM. This warrants further 

investigation whereby sedimentological and geophysical data would be valuable. It should 
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also be noted that the characteristic ‘regularly spaced’ properties of DGMs usually refers 

to prominent DGMs. Intermediate DGMs are typically positioned irregularly within the 

spaces between prominent DGMs. Therefore, if any temporal investigations were to be 

undertaken, differences between prominent and intermediate DGMs should be 

considered. 

5.7 Conclusions 

DGMs and CSRs are important landforms that can provide useful insights regarding 

palaeo-ice sheet processes. Specifically, these landforms can provide information 

regarding ice-marginal dynamics and/or subglacial processes, depending on the context 

in which they form. Visual similarities between DGMs and CSRs have historically proven 

problematic for landform differentiation and have been an area of contentious debate 

surrounding DGM formation. This study presents a detailed morphometric comparative 

investigation of DGM and CSR landforms to accurately quantify landform morphometrics, 

elucidate formation properties and identify any differences between the landform groups 

that can be used as a justifiable means for differentiation. 

Results reveal key differences in morphometric properties between the landform 

groups which enables a quantified foundation by which to differentiate them. Specifically, 

the CSRs are found to be higher, wider, steeper, more symmetrical, less sinuous and more 

voluminous that the prominent DGMs. In contrast, a tendency for cross-sectional 

asymmetry in DGMs supports an ice-marginal push origin, rather than a basal squeeze-

up into crevasses. This is further supported by CSRs being less sinuous than DGMs due to 

the deposits being constrained by dimension and planform of the (relative straight) host 

crevasses, whereas DGMs follow a more sinuous path, related to the shape of the ice 

margin. Further work should include sedimentological and geophysical studies to 

constrain DGM internal architecture and validate the inferred formation processes. 
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Chapter 6: De Geer moraine internal architecture based on 

sedimentological and geophysical investigations and implications for ice 

marginal reconstructions  

Citation: Rivers, G.E., Storrar, R.D., Ojala, A.E.K., Mäkinen, J., Holmroos, C. & Holmes, N. 

(2024). De Geer moraine internal architecture based on sedimentological and geophysical 

investigations and implications for ice marginal reconstructions. Boreas. DOI: 

https://doi.or/10.1111/BOR.12692  

 

This chapter presents findings from a sedimentological and geophysical study of the 

DGMs located in southwest Finland investigating formation properties. This work 

develops on the previous morphometry study outlined in chapter 5 and contributes to 

research objectives (1 & 2). 

Abstract 

DGMS may act as valuable ice margin indicators; however, to date, their variable mode of 

formation has presented challenges for this utility. Morphometric investigations provide 

useful insights into formation processes, which can be developed using sedimentological 

and geophysical methods. Here, sedimentological and Ground Penetrating Radar (GPR) 

data of DGMs located in southwest Finland is presented. Individual lithofacies were 

identified and interpreted using sediment architectural elements. These were correlated 

with neighbouring GPR radargrams and extrapolated across the wider study area. 

Generally, internal architecture presents a multi-phase structure with lower units 

representing subglacial traction till and ice margin infill deposits, truncated by a larger 

prominent push unit, which is then successively deformed via the overriding of active ice. 

Significantly, there are notable differences between proximal and distal structures, with 

proximal sides characterised by silts, clays, and diamicton with laminae, stratification and 

thrust planes, and distal sides characterised by poorly consolidated diamicton and 

proglacial water current reworkings. Internal architecture of both prominent and 

intermediate ridges is the same, with slight differences, reflecting similar formation 

processes, with inter-seasonal variations. Based on these findings, an integrated 

conceptual model for the genesis of DGMs is presented whereby inter-seasonal ridge 

https://doi.or/10.1111/BOR.12692
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forming processes occur within a sub-aqueous ice marginal environment. The model 

highlights that DGMs can be subcategorised as, i) sediment deposition at an unstable 

margin during summer calving, and/or ii) sediment pushing at a stabilised margin during 

a winter readvance. No evidence indicative of crevasse filling as a mechanism for DGM 

formation is found. A new landform assemblage classification is proposed whereby ‘De 

Geer terrain’ (DGT) is used to describe series of parallel ridges arranged in a typical 

washboard-like configuration. This classification identifies all DGMs derived within a sub-

aqueous ice marginal environment, whilst also capturing the equifinal characteristics 

between individual DGM ridge-types.  

6.1 Introduction 

Palaeo-ice sheet reconstructions can provide valuable information regarding the extent 

and evolution of past ice sheets (Boulton et al., 1984; Dyke et al., 2002; Hughes et al., 

2016; Stroeven et al., 2016; Gowan et al., 2021; Clark et al., 2022). This is important as it 

enables us to understand how the cryosphere responds to global/hemispheric climate 

and environmental change, and how glacial ice behaves under different localised 

conditions. Ice sheet reconstructions are typically produced by a “glacial inversion model” 

(Kleman et al., 1997), allowing inferences to be made from the integration between 

geomorphological evidence, numerical dating and modelling (Clark, 1997; Stokes et al., 

2015; Pearce et al., 2017; Gowan et al., 2021; Dalton et al., 2023). Modern palaeo-ice 

sheet reconstructions provide time-slice resolutions of between 1000 – 100 years 

(Hughes et al., 2016; Stroeven et al., 2016; Clark et al., 2022); however, as remotely 

sensed data improves (e.g. LiDAR derived digital elevation models (DEMs)), it is possible 

that lower-relief geomorphology may be identified and used to improve these resolutions. 

DGMs are low-relief landforms and can be characterised as long, narrow, elongated 

ridges that are orientated transverse to former ice flow direction. These ridges often occur 

in swarms, closely spaced, parallel to the ice margin with either regularly spaced and 

laterally continuous, or irregularly spaced and laterally discontinuous configurations, 

typically resembling a washboard-like appearance (De Geer, 1889; Hoppe, 1959; Benn & 

Evans, 2010; Ojala et al., 2015; Ojala, 2016). DGMs are moderately sinuous and often 

display asymmetric cross-profiles with a steeper distal side, although symmetric ridges 

have also been observed (Todd et al., 2007; Rivers et al., 2023). DGMs commonly occur 
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below the highest shoreline of proglacial lakes/seas (Prest et al., 1968; Ojala et al., 2015; 

Ojala, 2016). However, observations have also been made in mountainous-valley, 

lacustrine environments (Golledge & Phillips, 2008; Regnéll et al., 2023).  

Since the first observations in Sweden (De Geer, 1889), several conceptual models of 

DGM formation have been considered, with two overarching hypotheses historically 

debated (see also section 2.4). The first constitutes formation at the grounding line of 

water terminating ice margins (De Geer, 1889, 1940; Sollid & Carlsson, 1984; Sollid, 1989; 

Larsen et al., 1991; Blake, 2000; Lindén & Möller, 2005; Golledge & Phillips, 2008; Bouvier 

et al., 2015; Sinclair et al., 2018). The second hypothesis can be described as a crevasse 

cavity infilling process whereby saturated and deformable sediments at the bed of the ice 

are squeezed up into full depth and/or basal crevasses (Andrews, 1963; Strömberg, 1965; 

Zilliacus, 1989; Beaudry & Prichonnet, 1991, 1995). This crevasse infilling process occurs 

up ice, behind the grounding line and is similar to the formation process of CSRs but 

presents different spatial patterns (e.g. “washboard” terrain instead of geometric ridge 

networks) and potentially without the squeezing that is inherent in CSRs (Benn & Evans, 

2010; Rea & Evans, 2011; Evans et al., 2016). The morphological similarities between 

DGMs and CSRs has been the cause of debate regarding DGM origin; however, the 

hypothesis that DGMs are formed at the grounding line of water terminating ice margins 

is most widely accepted (Larsen et al., 1991; Blake, 2000; Golledge & Phillips, 2008; 

Bouvier et al., 2015; Rivers et al., 2023). 

When reviewing DGM formation at the grounding line, different seasonal models have 

been proposed, with suggestions of ridge formation during winter readvances and/or 

during summer retreat (De Geer, 1889, 1940; Frödin, 1916; Möller, 1962; Sollid & Carlson, 

1984; Larsen et al., 1991; Blake, 2000; Lindén & Möller, 2005; Bouvier et al., 2015; Sinclair 

et al., 2018;). In the winter model, ridges are constructed via glacial and glaciofluvial 

deposition and/or settling at the grounding line, and later deformed as the ice margin 

advances (De Geer, 1940; Larsen et al., 1991; Blake, 2000; Golledge & Phillips, 2008; 

Bouvier et al., 2015; Sinclair et al., 2018). It should be noted that some authors place less 

emphasis on push deforming processes but instead consider DGM formation as 

lodgement of till at the ice margin during either readvances or standstills (Sollid & 

Carlsson, 1984). In the summer model, ridges are formed by the advection of subglacial 
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sediments to the grounding line during temporary halts in retreat, preferentially driven 

by calving processes (Lindén & Möller, 2005).  

Distinction between the different seasonal formation processes is important as they 

present different implications for grounding line dynamics. A winter readvance push 

formation would infer that ridges form on a periodical basis, with ridge interdistances 

relating closely to annual rates of ice margin retreat (De Geer, 1940; Möller, 1962; 

Zilliacus, 1981; Larsen et al., 1991; Lindén & Möller, 2005; Bouvier et al., 2015; Sinclair et 

al., 2018). In contrast, ridges formed during summer would depict irregular patterns 

associated with a calving ice margin (Frödin, 1916; Möller, 1962; Zilliacus, 1981; Lindén & 

Möller, 2005; Bouvier et al., 2015). The cycle of deposition and calving throughout the 

summer season would likely repeat, allowing several ridges to be constructed within a 

single year (Zilliacus, 1981; Lindén & Möller, 2005). Essentially, winter ridges would 

delineate glacier dynamics associated with mass balance, and summer ridges would be 

more representative of sporadic grounding line forcing mechanisms such as calving 

intensity and thinning (Benn et al., 2007; Ritchie et al., 2008).  The summer and winter 

models are not mutually exclusive, and the potential alternations between winter and 

summer ridges introduces complexities regarding preservation potential, as ridges 

constructed during the summer may be overridden or destroyed during a subsequent 

winter readvance (Lindén & Möller, 2005; Sinclair et al., 2018). 

The identification of, and distinction between, “summer” and “winter” DGMs has been 

discussed in previous studies, with suggestions that regularly spaced, high relief, and 

laterally continuous ridges represent annual winter readvances, and irregularly spaced, 

low relief ridges denote summer retreat patterns (Möller, 1962; Zilliacus, 1981; Lindén & 

Möller, 2005; Bouvier et al., 2015). The use of LiDAR in recent years has better enabled 

distinction between regular and irregular DGM ridges, allowing the complexities in DGM 

formation to be observed across large areas (Bouvier et al., 2015; Ojala et al., 2015; Ojala, 

2016; Rivers et al., 2023). 

To current knowledge, explicit comparative field investigations between winter and 

summer DGMs within the same environment do not yet exist. As such, this study aims to 

explore the internal architecture of DGMs to investigate differences and/or similarities in 

prominence and regularity, with a view to increase understanding of DGM formation. The 
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existing morphometry studies in southwest Finland provide valuable detailed insights that 

may be used to elucidate DGM formation (Ojala et al., 2015; Ojala, 2016; Rivers et al., 

2023). As detailed in chapter 5, it was found that in Finland ridge morphology indicated 

that DGMs are dissimilar to CSRs; however, these findings may be further improved upon 

with supportive field investigations. As such, this study aims to address two questions: (i) 

what are the main sediment units within both prominent and intermediate DGMs, and 

how do these relate to ridge-forming processes, and (ii) does the sedimentology and 

structure of the exposed ridges allow the various processes suggested above to be 

distinguished? This study aims to improve the current understanding of DGM formation, 

particularly regarding different formation processes between ridges, and ultimately 

assess their validity as geochronometric ice marginal indicators during the FIS 

deglaciation. 

6.2 Study sites & general characteristics of DGMs in southwest Finland 

Southwest Finland is a relatively low-relief depositional setting that was completely 

overridden by the FIS during the LGM (~23-21 ka BP) (Svendsen et al., 2004; Clark et al., 

2009; Johansson et al., 2011; Hughes et al., 2016; Stroeven et al., 2016; Lunkka et al., 

2021). Much of the Earth’s crust in Finland was isostatically depressed leaving southwest 

Finland submerged below sea level during deglaciation. The ice margin position of the FIS 

during the YD ~12.9-11.7 ka BP is particularly well preserved in southeast Finland by the 

notable Salpausselkä moraines (Glückert, 1995; Rainio et al., 1995; Tschudi et al., 2000; 

Saarnisto & Saarinen, 2001; Rinterknecht et al., 2004). After the YD, a rapid retreat led to 

significant crenulation of the ice margin and the development of several independent ice 

lobes across Finland (Lunkka et al., 2021). Southwest Finland was host to the Baltic Sea 

Ice Lobe (BSIL) which was further subdivided into the northeastern Loimaa sub-lobe and 

the remaining southwestern main lobe which terminated into the Baltic Ice Lake (BIL) 

(Lunkka et al., 2021) (see section 3.3.1 & FIGURES 3.2, 3.3 & 3.4). 

The geographical setting of the southwestern sector of the BSIL is unique in that the 

interconnected processes between deglaciation, continental rebound, and fluctuating 

water depths would have imposed significant controls over geomorphological 

development (Ojala et al., 2013, 2016; Lunkka et al., 2019) (FIGURE 6.1), resulting in a 

landscape characterised by abundant DGMs. 
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FIGURE 6.1. Location map indicating selected sites across southwest Finland for data 

acquisition: 1 = Uimarannatie, Haaro, Perniö – sedimentology and GPR; 2 = Makarla, Salo 

– GPR; 3 = Kurajoki, Salo – GPR; 4 = Suorsala, Mynämäki - GPR. Note the blue area marks 

the extent of the Baltic Sea Ice Lobe (BSIL) in which the investigated De Geer moraines are 

associated. 

The study outlined in chapter 5, investigated DGM morphometry across southwest 

Finland, building on previous studies undertaken by Ojala et al. (2015, 2016). 

Morphometrics of both prominent (regularly spaced) and intermediate (irregularly 

spaced) DGMs were compared to those of typical CSRs located in the Northwest 

Territories, Canada. The findings revealed statistically significant differences between 

DGM and CSR morphometries, with DGMs presenting lower-amplitude, more sinuous, 

and slightly more asymmetrical geometries. Importantly, the study highlighted that 

sinuous and slightly asymmetric cross-profile tendencies support the notion that DGMs 
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located in southwest Finland are formed at the ice margin via unidirectional push 

processes, rather than via a crevasse cavity squeeze-up process. 

Within this study, the morphometry of prominent (high-relief and regularly spaced) 

and intermediate DGMs (low-relief and irregularly spaced) was compared, finding 

intermediate DGMs to be lower-relief, less sinuous and more symmetric than prominent 

DGMs. It was suggested that intermediate DGMs could be lower amplitude versions of 

more prominent DGMs, formed via ice marginal push, or formed by alternative processes, 

such as crevasse infilling behind the grounding line. This reiterates the problem of careful 

morphometric distinction between DGM ridges of differing geometries and highlights the 

necessity of further investigation to improve understanding.  

In southwest Finland, DGMs vary greatly in their distribution and relief pattern 

(Zilliacus, 1981; Ojala et al., 2015; Ojala, 2016; Rivers et al., 2023). The appearance of 

DGMs may be configured in one of three ways: i) only regular prominent ridges, ii) regular 

ridges interspersed with irregular/intermediate ridges, or iii) only irregular ridges (FIGURE 

6.2). Generally, size can range between 0.1 – 3 m height, 25 – 500 m width, 4 – 45 m 

length for prominent DGMs, and 0.1 – 2.5 m height, 10 – 200 m length, 4 – 35 m width 

for intermediate DGMs (Rivers et al., 2023). DGM morphometry is also shown to vary 

across wider areas highlighting controls such as topography, sediment availability and 

water depth (Ojala, 2016; Rivers et al., 2023).  
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FIGURE 6.2. Hillshaded digital elevation model (DEM) imagery depicting different DGM field types across southwest Finland. A. Kurkela (Salo) - regular, 

only prominent DGMs. B. Pehtsalo (Laitila) - regular DGMs interspersed with irregular DGMs. C. Pohiperä (Uusikaupunki) - only irregular/more scattered 

DGMs with a less distinct rhythmic distribution (DEM source: ®National Land Survey of Finland, LiDAR digital elevation model, 2/2023). 
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From these starting points, the sites of specific investigation in southwest Finland are 

given in FIGURE 6.1. The selection of sites was based on LiDAR DEMs and preliminary field 

reconnaissance during spring 2023. 

6.3 Methods 

Sedimentological and GPR data were acquired at Uimarannatie, Haaro, Perniö (Site 1 in 

FIGURE 6.1), and independent GPR data were acquired at three additional sites (2, 3 and 

4 in FIGURE 6.1). Ridges are identified as either prominent (large and regular ridges) or 

intermediate (small and irregular ridges) based on the subclassifications outlined in 

chapter 5 (Rivers et al., (2023)). 

6.3.1 Sedimentological investigations 

For this study, sediment exposures were obtained via excavations across the mid-sections 

of one prominent (UT1) and one intermediate (UT2) DGM at Uimarannatie, Haaro, Perniö 

at right angles to the ridge crestlines (FIGURE 6.3). Vertical sections of the trenches were 

photographed and logged for lithological units and sediment structural characteristics. 

Descriptions of vertical sections at UT1 and UT2 trenches were supplemented with site-

specific logs: UT1_2023_log1, UT1_2023_log2, UT1_2023_log3, UT2_2023_log4 and 

UT2_2023_log5, where lithofacies unit characteristics were delineated in more detail.  

Sedimentological logging of units included grain-size, degree of sorting, matrix 

composition and clast lithology, with lithofacies codes applied to each unit (Evans & Benn 

2004). Altogether, nine clast macrofabric samples (50 clasts, a-axis azimuth and dip) were 

acquired and plotted in rose diagrams and stereonets using Orient software (Vollmer 

2023). In addition, we subsampled different lithological units for grain-size distribution 

(10 samples from UT1 and six samples from UT2) that were dry sieved in the laboratory 

and measured for grain-size distribution (>0.063 mm) (Appendices Figures 6, 7, 12, 13).   
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FIGURE 6.3.  Location of excavated sediment exposures at Site (1) Uimarannatie, Haaro, 

Perniö (see FIGURE 6.1). A. Hillshaded DEM highlighting prominence of DGMs and 

positioning of sediment excavations. B. Oblique photograph of excavated sediment 

exposures facing southwest. 
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6.3.2 Geophysical investigations and radar facies identification 

GPR has become an increasingly popular approach for investigating the internal 

architecture of glaciogenic landforms (Neal, 2004; Livingstone et al., 2017; Stoker et al., 

2021; Harrison et al., 2022; Lally et al., 2023). Whilst there is a degree of subjectivity in 

GPR interpretations, this method provides a valuable alternative and/or supplementary 

approach to sedimentological analyses whereby the internal architecture of landforms 

can be investigated non-intrusively and relatively easily, allowing more representative 

datasets to be acquired. Subjectivity in interpretation can be overcome by ‘ground 

truthing’ GPR interpretation with sediment exposures, where possible.  

GPR data in this study were collected using a 32-bit MALÅ GroundExplorer (GX) 160-

MHz shielded antenna mounted on a rough terrain skid plate and connected to a MALÅ 

GX controller. Profiles were acquired using a wheel acquisition mode with traces recorded 

every 0.05 m. A velocity of 0.1 m ns-1 was used based on antenna frequency and lithology, 

providing an estimated penetration depth of ~5 m, although this is depth will be restricted 

by the presence of conductive silts and clays (Jol, 1995; Jol & Bristow, 2003; Livingstone 

et al., 2017; Stoker et al., 2021; Lally et al., 2023). 

GPR data were processed using REFLEXW v7.5.9 (proprietary software of Karl-Josef 

Sandmeier). A standard processing sequence, close to those used in similar studies (e.g. 

Stoker et al., 2021; Lally et al., 2023) was applied across all profiles. This comprised: static 

correction of time-zero drift, removal of low frequency signal saturation (DEWOW), 

application of gain to increase visibility of reflectors at depth, and 3D topographic profile 

correction. Radargrams were visualised and interpretations were presented using Adobe 

Illustrator. For transparency, we present unannotated radargrams alongside our 

interpretations. 

Radar facies were determined by identifying variations in reflector motif (e.g. reflector 

strength, length, shape, amplitude, and pattern). Radar facies were compared with the 

lithofacies observed in the trenches at Site (1) UT1 and UT2 between the excavated 

sediment exposures and neighbouring GPR profiles to ensure an accurate basis for GPR 

interpretation (see TABLE 6.1, Appendices Figures 2, 8). This was then extrapolated and 

used to interpret radargrams acquired at the additional locations across the study area, 

where sediment sections were not available (FIGURE 6.1). It should be noted that we have 
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interpreted facies at Sites (2, 3 and 4) based on the exposures at Site (1). Whilst we can 

observe similar radar facies between sites, we cannot be certain that the facies at Sites 

(2, 3 and 4) are directly related to the observed exposures at Site (1). It is possible that 

there may be other units/facies that are not described from the exposures at Site (1). 

However, we believe that the exposures at Site (1) provide enough evidence for 

reasonable interpretation. 

6.3.3 Uncrewed aerial vehicle field observations 

A high resolution (7 cm) DEM and orthomosaic of the study area were produced using 

UAV-based Structure from Motion photogrammetry. A DJI Mavic Pro was used to collect 

overlapping photographs, and 10 ground control points, evenly distributed across the 

area, were surveyed using a Trimble R10 GNSS. Images were processed using Agisoft 

Metashape v1.8.1 (Agisoft, 2022). The orthophoto and DEM were used for field 

observations and topographic corrections of GPR profiles. 

6.4 Results and interpretation 

6.4.1 Site (1) UT1 (Uimarannatie, Haaro, Perniö (60.249⁰N; 23.283⁰E)) 

One trench was excavated, and three GPR-lines were acquired at Site (1) UT1 (FIGURE 

6.4). The DGM at UT1 is a large, prominent ridge, ~485 m long, ~2 m high and ~40 m wide. 

It should be noted that the sediment exposure did not reach bedrock, however, GPR data 

was used to identify this. The logged sections (FIGURE 6.5) and sediment exposure 

combined with the GPR profiles (TABLE 6.1, Appendices Figures 2, 3, 4, 5) revealed five 

main lithofacies:  
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FIGURE 6.4.  Imagery of UT1 excavated sediment exposure. Excavation dimensions: length 

~28 m; depth ~2 m. A. Hillshaded DEM indicating location of sediment exposure and GPR 

profiles along UT1 ridge at site 1 (DEM Source: ®National Land Survey of Finland, LiDAR 

digital elevation model, 2/2023). B. Photograph viewed from proximal to distal. C. 

Photograph viewed from distal to proximal. D. Photograph viewed from distal to proximal. 
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FIGURE 6.5. Exposure sketch of UT1 with the original subsurface (bottom) and interpreted 

(middle) GPR data. GPR data were acquired along the excavation bottom to allow 

subsurface investigations. Locations of sediment logs are shown (e.g. UT1_2023_log1, 

UT1_2023_log2 and UT1_2023_log3) which are presented in FIGURE 6.6. Locations of 

clast macrofabric measurements are indicated, with data presented in rose diagrams and 

stereonets. Stereonets are plotted on the lower hemisphere of a Schmidt diagram. 

Lithofacies units are labelled accordingly presented in sediment logs shown in FIGURE 6.6. 
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FIGURE 6.6.  Sediment logs presented from UT1 showing unit thickness, composition and 

internal structures. Lithofacies are interpreted using standardised coding (Evans & Benn 

2004). Rose diagrams and stereonets supplement identified units where applicable. 

Lithofacies codes: Dmm = matrix-supported, massive diamicton; Dms = matrix-supported 

massive diamicton with shearing structures; Dml = matrix-supported, laminated 

diamicton; Gm = massive gravel, Gs = gravel with shearing structures; Sm = massive sand; 

Sld = horizontal and draped laminated sand with dropstones; Smd = massive sand with 

dropstones; Fld = fine laminated silt and clay often with minor fine sand and very small 

ripples and with dropstones; Fmd = massive silt and clay with dropstones. 
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FIGURE 6.7.  A. Depositional units from the middle part of UT1 excavation. This shows the main ridge composition of the silty-to-sandy diamicton Unit 

3a which is draped by the fine-grained and highly fissile/sheared Unit 4. Unit 5 forms the mantle of the ridge composed of bouldery diamicton. B. Strongly 

sheared and fissile structures of Unit 4.  C. View towards the proximal section of the UT1 De Geer ridge. Note the deformed clay layers between Units 3a 

and 5.  White arrows indicate ice flow direction. 
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Unit 1 sits within the distal regions, at the base of the ridge, likely overlying till-covered 

bedrock, as identified by GPR. Interpreted steep thrust planes dip up-ice, towards the 

proximal side of the ridge. Hyperbolic diffractions and parallel to sub-parallel reflectors 

suggest stratified deposits interspersed with boulders (TABLE 6.1 RF1, FIGURE 6.6 Unit 1).  

Unit 2 is located on the distal side of the exposure (FIGURE 6.5), however, based on 

our radar facies interpretation it stretches across to the proximal side of the ridge. This 

unit was only partially exposed, with the majority only observable in the radar profile. We 

interpret the unit to range from horizontal and deformed laminated sands, to massive 

gravel and medium to coarse-grained sands, interspersed with silt, fine-grained sands and 

granule gravel lens. The radar profile shows steep dipping reflectors which may represent 

thrust-planes. This unit is truncated and deformed with a diffuse upper contact boundary 

to Unit 3.  

Unit 3 comprises most of the ridge morphometry (FIGURES 6.5, 6.6) and is divided into 

two subunits: Unit 3a, located in the proximal part of the ridge and Unit 3b, located within 

the distal part. Unit 3a can be defined as poorly sorted massive to matrix-supported 

diamicton containing weak laminations. The supporting matrix is composed mainly of silt 

and medium to fine-grained sands. Clast morphology is variable, with clasts ranging from 

subangular to subrounded. Medium-angle (330/20⁰) thrust plane structures are present 

and dipping in alignment with slope direction (i.e. up-ice). Fissility is well-developed 

particularly in the upper part of the unit. Unit 3b is generally similar to proximal unit 3a, 

however contrasts with downslope dipping, low-angle shear structures. The unit shows 

weak fissility, however, this improves over large clasts. The unit is interspersed with 

patches of sand and contains elongated rafts of compact sediment.  

Unit 4 drapes the entire ridge with a sharp lower contact boundary to the underlying 

Unit 3. Its composition ranges from massive to laminated silts and clays, to a sandy fine-

grained diamicton. The unit shows strong shearing aligned to the direction of ice flow 

(FIGURE 6.7B). The proximal side of the unit is composed of laminated to massive 

deformed silty clay, separated by a wedge of coarse sand and gravel (FIGURE 6.7B). This 

then transitions to sandy, fine-grained diamicton characterised by laminae (lenses of fine 

to medium sand) interspersed with pebbles. The orientation of pebble clasts follows 

laminae structures which conformably overlie gravel clasts. Gravel clasts are mainly 
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subrounded. The upper contact boundary is mainly diffuse, although sharp/erosional in 

some places.  

Unit 5 is the uppermost unit, mantling the ridge. The unit is composed of massive to 

matrix supported sandy diamicton, clast-rich, with boulders, and containing crude clast 

layers (one-clast thick). The unit thickens downslope on the proximal side. The lower 

proximal slope comprises massive medium to very coarse sand, interspersed with granule 

lens and pebbles. In the upper parts, this passes into a loose massive to matrix-supported 

sandy gravel and medium to coarse-grained sand. Clasts are mainly rounded to sub-

rounded. GPR data show similar structures across all acquired profiles from this ridge. In 

particular, interpreted sheared structures within RF3a and RF4 are distinctive features in 

the upper parts of the radar profiles as indicated by long and continuous reflectors, 

representing lithofacies Units 3a and 4. 
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TABLE 6.1. Summary of interpreted radar facies based on correlations with UT1 and UT2 lithofacies as presented in Appendices Figures 2 & 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Radar 
facies no. 

RF example Reflector motif Correlated 
lithofacies 

Lithological Description 

4 

 

Long and continuous with high reflectivity. 
Parallel to sub-parallel and slightly wavy 
arrangement. 

4 UT1: Fld, Fmd, Sld, Dms 
UT2: Sld, Dms 

3a 

 

Medium to long, with medium continuity. 
Medium to weak reflector strength with 
parallel to sub-parallel arrangement. 

3a Dmm, Dml 

3b 

 

Short to medium in length with medium 
continuity to discontinuous. High to 
medium reflectivity. Wavy and sometimes 
overlapping. 

3b UT1: Dmm, Dml, Dcs 
UT2: Dcs, Gcs 

2 

 

Medium to long, with medium continuity, 
although sometimes discontinuous. 
Strong reflectivity with parallel to sub-
parallel arrangement. 

2 UT1: Sld, Smd, Gs 
UT2: Sld, Smd, (g)Smd, Gs 

 
 
1 
 

 

Very short, very discontinuous with high 
to medium reflectivity. Wavy, sometimes 
overlapping with hyperbolic diffractions. 
Interpretation of coarse diamicton with 
boulders. 

1 Unknown. Not exposed within 
sediment excavation; partly 
exposed in UT2. Hyperbolic 
diffractions may suggest coarse, 
poorly sorted, bouldery diamicton, 
or fractured bedrock. 
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Unit 1 is interpreted as a buried bouldery sediment ridge with proximal thrust planes, 

overlying till-covered bedrock. This unit forms the core of the De Geer ridge. Similar 

ridge-like architecture can be seen in some of the GPR profiles from the Uimarannantie 

site (Appendices Figures 3, 4, 5). 

Unit 2 is interpreted as glaciofluvial material, deposited either at the ice margin or 

behind the ice margin via shallow distributed canals as suggested by composition, degree 

of sorting and presence of laminations (Bennett et al. 2000; Bennett & Glasser 2009). The 

presence of steep thrusting structures at the root of the ridge suggest deformation by ice 

movement either syn-depositionally and/or during the later stages of ridge bulldozing 

(e.g. formation of Unit 3a).  

Units 3a/b are interpreted as the main body of the ridge whereby coarser subglacial 

material is deposited via bulldozing at the grounding line. An initial subglacial origin of the 

material is supported by clast form (e.g. subangular to subrounded) (Benn & Ballantyne 

1994). The pushing/bulldozing of this material is evidenced by the presence of 

compressional up-ice dipping thrust planes and compact fissile textures located within 

the proximal regions of the unit (e.g. Unit 3a) (Evans et al. 2006).  

Unit 4 is characterised by strong shearing structures and a distinct clast orientation to 

ice flow direction indicating overriding of ice. The extent of overriding may vary, 

potentially overriding only as far as the ridge crestline as suggested by Lønne & Nemec 

(2011).  

Unit 5 is interpreted as basal till that has melted out from the bottom of the ice during 

the final melting of the ice sheet. This has been subsequently reworked by shore 

sedimentation and proximally transitions to beach deposits. This material is also modified 

by frost heave, root zone and soil development but the exact process is not clear. This 

type of diamicton is also typical for murtoos and exists in areas not influenced by shoreline 

processes (Mäkinen et al. 2023).   

6.4.2 Site (1) UT2 (Uimarannatie, Haaro, Perniö (60.248⁰N; 23.283⁰E)) 

One trench was excavated, and three GPR-lines were acquired at Site (2) UT2 (FIGURE 

6.8). The DGM at UT2 is a lower amplitude, intermediate ridge, ~100 m long and ~25 m 

wide. The sediment exposure revealed five main lithofacies units (FIGURES 6.9, 6.10).  
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FIGURE 6.8.  Photographs of UT2 excavated sediment exposure. Excavation dimensions: 

length ~28 m; depth ~2 m. A. Hillshaded DEM showing location of sediment exposure and 

GPR profiles along UT2 ridge at site 1 (DEM Source: ®National Land Survey of Finland, 

LiDAR digital elevation model, 2/2023). B. Photograph viewed from distal to proximal. C. 

Photograph viewed from proximal to distal. 
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FIGURE 6.9.  Exposure sketch of UT2. Locations of sediment logs are shown (e.g. 

UT2_2023_log4 and UT2_2023_log5); logs are presented in Fig. 10. Clast macrofacbric 

measurement locations are indicated with data presented in both rose diagrams and 
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stereonets (clast macrofabric sample sizes = 50). Stereonets are plotted on the lower 

hemisphere of a Schmidt diagram. Lithofacies units are labelled accordingly and described 

in the sediment logs as presented in FIGURE 6.10. 

 

FIGURE 6.10. Sediment logs presented from UT2 showing unit thickness, composition 

and structures. Lithofacies are interpreted using standardised coding (Evans & Benn 

2004). Rose diagrams and stereonets accompany identified units where applicable. 

Lithofacies codes: Dmm = matrix-supported massive diamicton; Dms(s) = matrix-

supported massive diamicton with shearing structures; Dml = matrix-supported laminated 

diamicton; Dcs = clast-supported stratified diamicton; Gm = massive gravel; Gs = gravel 

with shearing structures; Gcs = clast-supported gravels with shearing; Sm = massive sand; 

Sld = horizontal and draped laminated sand with dropstones; Smd = massive sands with 

dropstones.
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FIGURE 6.11. A. Depositional units from the middle section of UT2 excavation. Note the deformed, sandy sorted sediments of Unit 2 truncated by Unit 3a 

that forms the main part of the proximal side of the ridge. B. Downslope dipping bedding structures in distal parts of Unit 3b. C. Strongly sheared and fissile 

structures of Unit 4, similar to UT1, but present only in proximal parts of UT2. White arrows indicate ice flow direction. 
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Unit 1 is located at the base of the ridge and comprises matrix-supported massive 

diamicton with large boulders (NB: only the upper surface of the unit was exposed). This 

unit is likely overlying bedrock.  

Unit 2 is situated on top of Unit 1 in the distal part of the ridge. This unit comprises 

stratified massive gravel and medium to coarse-grained sand (clast form subangular to 

subrounded), mantled by boulder clast horizons. Partly preserved patches of silty, fine-

grained sand were observed in the lowest part of the unit. The unit is thicker and more 

prominent compared to a similar unit at site (1) UT1.  

Unit 3 is situated across the entire ridge and truncates Unit 2 with an erosional to 

diffuse and deformed contact boundary (FIGURE 6.11A). This unit is sub-classified into 

Units 3a and 3b, whereby Unit 3a is located toward the proximal regions of the ridge, and 

Unit 3b is located toward the distal side. Unit 3a is composed of massive / matrix-

supported and laminated diamicton. The matrix is poorly sorted silt and fine to coarse-

grained sand. Clasts are subangular to subrounded. This unit contains steeply dipping 

thrust planes (some nearly vertical) (FIGURE 6.9) and sediment rafts/blocks. The lower 

part contains pebbly sand beds (~5 cm thick). This unit is grey in colour and showed weak 

fissility in places. Unit 3b comprises clast-supported, stratified diamicton and gravel.  This 

unit also contains large boulders/a boulder horizon, and patches of sand with downslope 

dipping crude bedding (FIGURE 6.11B). In contrast to the proximally located unit 3a, this 

unit has a higher sand/gravel content, a higher degree of sorting, and is light grey to yellow 

in colour. 

Unit 4 is situated in the proximal to central regions of the ridge and overlays Units 3a/b 

with a diffuse and deformed contact boundary. Material comprises horizontal/draped 

laminated sands and diamicton. Significant shearing structures are present, similar to 

those observed in Unit 4 UT1; however, these are only present in the proximal part of the 

ridge (FIGURE 6.9).  

Unit 5 mantles the entire ridge, overlying Units 4 and 3b with sharp, erosional contact 

boundaries. This unit shows similarities to Unit 5 in UT1, comprising clast-supported 

massive gravel and matrix-supported massive diamicton, with shearing structures.  
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Additional radargrams acquired at UT2 highlight some internal variations across the 

ridge. GPR Profiles #1 and #3 (Appendices Figures 9 & 11, respectively) show what we 

interpret to be thrust planes within the proximal part of the ridge. In contrast, profile #2 

(Appendices Figure 10) shows less evidence of thrusting, although some interpreted 

stratification can be seen.   

We interpret Unit 1 to be subglacial till overlying bedrock.  

Unit 2 is interpreted as glaciofluvial material, originally deposited either at or behind 

the grounding line and/or in crevasses behind the grounding line via distributed or 

channelised subglacial flow. The mantling boulder clast horizons may represent a 

sediment horizon deposited during downwasting of surrounding ice or could be related 

to erosional lag affected by deformation processes. Also, this unit is subsequently 

deformed by proximal (and/or submarginal) thrusting likely caused by stress exerted by 

moving ice. This is supported by the presence of thrust planes and steeply dipping clast 

orientations in the proximal part of the ridge, combined with sediment rafts.  

Unit 3 is interpreted as the main body of the ridge and is subdivided into Units 3a 

(proximal) and 3b (distal). The high silt content and presence of laminations in the 

proximal side (Unit 3a) likely reflect the settling out of suspended fine-grained material at 

the grounding line during a short quiescent phase, which is then later deformed during 

the onset of ice activity. We interpret that the coarser distal side sediments (Unit 3b) were 

deposited from beneath the ice at the grounding line into the basin with currents 

(Golledge & Phillips 2008; Bennett & Glasser 2009; Lønne & Nemec 2011).  

Unit 4 is interpreted as ice-marginal deposits subsequently deformed by ice advance, 

a similar origin to that of UT1, as evidenced by the highly variable matrix composition and 

significant shearing structures.  

Unit 5 is interpreted as basal till reworked by shore processes and proximally replaced 

by beach deposits, similar to that of UT1. This unit also shows modification by frost heave, 

root zone and soil development.  

The internal variations observed along the ridge (Appendices Figures 9, 10, 11) appear 

to coincide with ridge amplitude as shown in the hillshaded DEM (FIGURE 6.8A). GPR 
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profiles #1 and #3 (Appendices Figures 9 and 11, respectively) are situated within larger 

sections of the ridge, where interpreted thrust/shearing planes are observed, whereas 

profile #2 (Appendices Figure 10) is situated along a smaller section which shows 

comparatively less evidence of thrusting/shearing. It may be that the ridge comprises two 

separate formations, whereby the larger section of the ridge overrides a previously 

formed smaller ridge. This may explain the origin of the lower Units 1 and 2.  

6.4.3 Site (2) Makarla, Ylönkyla (60.169⁰N; 22.977⁰E) 

GPR results are presented for site 2 below. DGMs in this area can be characterised as large 

prominent ridges interspersed with smaller, intermediate ridges. The DGM observed is 

identified as a prominent ridge with metrics of ~300 m long, ~33 m wide and ~1.56 m 

high. Along ridge locations for acquired GPR profiles are presented in FIGURE 6.12. GPR 

data is presented in FIGURE 6.13 (additional radargrams are available in Appendices 

Figures 14 & 15). 

 

FIGURE 6.12. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 2 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 



 
 

145 
 

 

FIGURE 6.13. Radargram #1 at Makarla, Ylönkyla (GPR profiles #2 and #3 are presented 

in Appendices Figures 14 & 15). Identified radar facies and connected lithofacies are 

detailed in TABLE 1. 

Proximal regions of the ridge are strongly dominated by RF4 and RF3a, providing 

evidence of what we interpret to be compaction/laminae and thrusting/shearing that was 

described in both UT1 and UT2 excavations. Parallel alignment of reflectors may also 

signify sequences of stacked sediments. RF3b is located within the distal regions and RF2 

and 1 are located at the distal foot of the ridge, containing hyperbolic diffractions which 
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is interpret as the presence of boulders. The coarseness of these distal units may signify 

gravity driven flow deposits and/or current reworkings whereby finer sediment is 

removed and coarser material is deposited (Bennett & Glasser, 2009). This ridge shows 

characteristic structures of a grounding line/push depositional process (Bennett & 

Glasser, 2009; Lønne & Nemec, 2011). 

6.4.4 Site (3) Kurajoki, Porkka (60.482⁰N; 23.258⁰E) 

GPR results are presented for site 3 below. DGMs in this area comprise regular, prominent 

ridges interspersed with irregular, intermediate ridges. The DGM observed is identified as 

a prominent ridge due to lateral continuity and regularity between ridges in the wider 

terrain; however, is the lowest amplitude of all observed ridges with metrics of ~745 m 

long, 1.06 m high and ~24 m wide. Along ridge locations for acquired GPR profiles are 

presented in FIGURE 6.14. GPR data is presented in FIGURE 6.15 (additional radargrams 

are available in Appendices Figures 16 &17). 

 

FIGURE 6.14. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 3 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 
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FIGURE 6.15. Radargram #1 acquired at Kurajoki, Porkka (GPR profiles #2 and #3 are 

presented in Appendices Figures 16 & 17). Identified radar facies and connected lithofacies 

are detailed in TABLE 1. 

The radar facies architecture is different when compared to those previously 

presented. The ridge is generally overlain by a veneer of long and continuous reflectors 

(RF4) which may be interpreted as compaction and/or laminations and shearing across 

the upper part similar to Unit 4 in the UT1 excavation, however, there appears to be little 

evidence of thrusting structures within the proximal regions. Instead, there appears to be 

what could be interpreted as the remains of a pre-existing ridge or hummock of coarse, 

poorly sorted, boulder-filled material within the proximal side, against the interpreted 

bedrock, as suggested by short, wavy, discontinuous reflectors and hyperbolic diffractions 
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(RF1 and 2), sandwiched between a looser diamicton (RF3b). The upper distal part shows 

strong evidence of compaction/stratification by long and continuous reflectors (RF4) 

which may be interpreted as shearing from the deposits being completely overridden by 

ice. Silt and clay are present throughout most of the ridge, as indicated by strong signal 

attenuation. When examining the ridge structure, it seems to follow the orientation of the 

bedrock. Sediments distal to the bedrock knob are different to the proximal ones 

indicating a strong influence of bedrock over grounding line processes. As signal 

attenuation is particularly strong in this profile, it is difficult to form an accurate 

architectural assessment, however, we can observe that the bedrock has affected DGM 

formation in this area.  

6.4.5 Site (4) Suorsala, Mynämäki (60.700⁰N; 21.813⁰E) 

GPR results are presented for site 4 below. DGMs in this area comprise prominent ridges 

interspersed with intermediate ridges. The DGM observed is identified as a prominent 

ridge with metrics of ~454 m long, ~2.04 m high and ~25 m wide. Along ridge locations 

for acquired GPR profiles are presented in FIGURE 6.16. GPR data is presented in FIGURE 

6.17 (additional radargrams are available in Appendices Figures 18 & 19). 
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FIGURE 6.16. Hillshaded DEM showing position of GPR profiles along surveyed ridge at 

site 4 (DEM Source: ®National Land Survey of Finland, LiDAR digital elevation model, 

2/2023). 

 

FIGURE 6.17. Radargram #1 from Suorsala, Mynämäki (GPR profiles #2 and #3 are 

presented in Appendices Figures 18 & 19). Identified radar facies and connected lithofacies 

are detailed in TABLE 1. 

The proximal regions of the ridge comprise a combination of RF3a and RF3b as 

detected in UT1 excavation, with some longer, continuous reflectors in the upper parts 

which we interpret as compaction/shearing. The alternations between RF3a, representing 

thrusting, and 3b, representing looser diamicton, infers a more gradual/staggered ice 

marginal push process. The distal side of the ridge comprises parallel to sub-parallel 

reflectors dipping in the direction of ice flow. Similar to all other ridges, signal attenuation 
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within lower regions is observed indicating high water, silt and/or clay content. This ridge 

is interpreted to be a typical ice marginal push formation, comparable to UT1; however, 

formed in two stages before the formation of Unit 4. 

 

6.5 Discussion 

6.5.1 DGM internal architecture  

The findings show that both larger, prominent and smaller, intermediate ridges comprise 

the same sediment facies and architectural structures; however, slight variations can be 

observed. The main insights can be confined to: 

• Lower Units 1 and 2 are composed of either buried bouldery ridges with deformed 

sediments showing proximal thrust plane structures (Site (1) UT1, Unit 1) or basal 

till (Site (1) UT2, Unit 1) and glaciofluvial sand/gravel interpreted as waterlain 

deposition either at the ice margin during summer, or possibly via shallow 

distributed canals up ice of the margin (Unit 2).  Generally, thrusting structures are 

located within the proximal- to mid-sections of the ridges (Unit 3a); however, 

these structures are also observed within the lower Units 1 and 2 of UT1 (FIGURE 

6.5). These structures may be formed syn-depositionally, or post-depositionally 

during the formation of Unit 3a. If formed syn-depositionally, this may infer that 

material was deposited subglacially in crevasse cavities behind the grounding line 

via shallow distributed canals, which was then overridden by ice and later 

amalgamated at the grounding line as the ice margin retreated and aligned with 

the original deposits. The height and prominence of Unit 2 in the UT2 ridge 

compared to the UT1 ridge is the main architectural difference that we have 

observed between intermediate and prominent DGMs, in addition to the 

deformed and rafted clays in the proximal part of UT1 that were likely deposited 

during a quiescent period in winter (FIGURES 6.5, 6.7C). Furthermore, Unit 2/RF2 

may not always be present (see Site (1), UT2, GPR #2 and #3, Appendices Figures 

9 & 10), or may be very thin, possibly mixed with the overlying Unit 3 and 

therefore not easily identifiable within the GPR data. Without being able to 

observe in the exposure, it is difficult to make any accurate interpretations. 
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• Units 3a/b constitute most of the ridge and are interpreted as a grounding line 

push/bulldozing material. This is particularly notable from proximally located clay 

slabs pushed onto the ridge (FIGURES 6.5, 6.7C) and from transitions between 

compression structures in the proximal side and coarser material in the distal part 

(Lønne & Nemec, 2011). As such, irrespective of the origin of the lower Units 1 

and 2 (e.g. basal cavity, subglacial meltwater, or grounding line deposits), Units 

3a/b represent a true grounding line formation and therefore support the idea 

that DGM ridges may be used as ice marginal indicators. 

• Unit 4 is indicative of overriding active ice, evidenced by strong shearing structures 

at the surface. We suggest that this unit in both UT1 and UT2 has a similar origin, 

whereby meltwater flow becomes limited, and deposition of fine-grained 

sediments takes place, while ice continues to retreat at the margin. Note the 

deformed winter clays associated with this unit in UT1 indicate ice flow 

reactivation in spring over the ridge. Differences in unit extent between UT1 and 

UT2 suggest variability in the extent of ice advance, e.g. overriding ice may extend 

only as far as the ridge crest as shown in UT2 and are dependent upon factors 

such as ice thickness and water depth (Lønne & Nemec, 2011). Good preservation 

of ridges suggests that ice is unlikely to advance significantly beyond the ridge 

crest.  

• Unit 5 can be interpreted as basal till that has melted out from the bottom of the 

ice during the final melting of the ice sheet. This diamicton has then been washed 

by littoral processes and modified by frost heave and root zone (Mäkinen et al., 

2023). 

When comparing internal architecture between the presently studied ridges, it 

appears that the prominence of thrusting and shearing structures positively correlates 

with ridge amplitude where the ridges with greater relief (e.g. prominent ridges) show 

more evidence of thrusting. Furthermore, lower-amplitude ridges (e.g. the observed ridge 

at site 3; FIGURE 6.15, Appendices Figures 16, 17) appear to comprise mostly coarser-

grained material and present less evidence of stratification and shearing characteristics. 

These between-ridge variations may denote the seasonal stage at which the deposits are 

made, as well as the availability and type of material being pushed at the margin, and the 
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prominence of bedrock controls. For example, if deposits are formed during summer 

when meltwater discharge is high, the deposits may be coarser in texture and the size of 

the unit may be greater as observed in UT2. Moreover, if the ice margin is unstable in a 

state of calving/retreat deposits may be subject to less proximal compaction than would 

be expected from a more stable advancing ice margin. 

When comparing our results to existing models, we must consider the influence of 

proglacial water depth and local to regional bedrock topography. Lønne & Nemec (2011) 

illustrate the variability of grounding line depositional systems relative to water depth. Ice 

terminating in shallow water (<175 m) tends to be relatively thin with a low erosional 

capacity and therefore subglacial influence is largely restricted to the proximal sides of 

marginal ridges; however, ice protrusion may form and partly, or fully, override deposits. 

In very shallow water (<50 m), ice advances over a low-relief seabed and any deposits 

would be easily overridden, therefore moraines may present a sheet-like geometry. These 

shallow-water ridges described by Lønne & Nemec (2011) are similar to our observations 

and correspond to the shallow proglacial water depths at the study area (Ojala et al., 

2013). Furthermore, correlations between DGM interdistances and water depth have 

been found whereby DGM interdistances are greater in greater water depths (Ojala, 

2016). In relation to bedrock topography, the differences in architecture at the Porkka 

region (site 3) demonstrate how bedrock topography influences DGM formation. 

Lønne & Nemec (2011) also highlight other factors for consideration, namely the 

configuration of how well the ice bottom is in contact with the underlying till surface 

(smooth vs undulating) and the preservation potential of shallow water deposits due to a 

limited erosional capacity. These factors can be seen in the DGM morphometry study 

outlined in chapter 5, whereby DGMs tend to be lower-relief and more laterally 

continuous when formed in shallow water, and higher-amplitude with greater lateral 

discontinuity as water depths increase. 

6.5.2 Proposed conceptual model 

The results reveal that DGMs situated across southwest Finland are grounding line 

formations that can vary in size and internal structure depending on the seasonal stage 

of formation, bedrock topography, sediment availability and water depth. The field 
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observations do not show evidence of crevasse infilling as a mechanism for DGM 

formation. Based on the findings and those reported from previous studies, an integrated 

conceptual model is presented whereby DGMs are formed in the same way but with slight 

variations depending on the seasonal stage of deposition. These variations can be 

subcategorised as (FIGURE 6.18): 

• Summer calving retreat (FIGURE 6.18A, B). Saturated and deformable subglacial 

sediments are advected toward and deposited at the grounding line via subglacial 

meltwater and/or extrusion from beneath the margin during late summer/early 

autumn. Deposited sediments may be subject to proximal compaction from 

overriding ice and distal reworkings from proglacial water currents (Bennett & 

Glasser, 2009; Lønne & Nemec, 2011). The ice margin subsequently undergoes 

calving, the grounding line retreats, and the deposited sediments are preserved 

(Lindén & Möller, 2005); calving may lead to loss of buoyancy which may result in 

further deformation processes as the margin depresses. After calving, the ice 

margin may remain stationary or continue to advance, and if enough time allows 

new sediments with accrue at the margin, however, as the margin is in an unstable 

state of retreat, the amount of material deposited will likely be less than that 

during winter advances (Möller, 1962). This process would repeat throughout the 

summer and result in a series of irregularly spaced ridges, which we refer to as 

intermediate DGM ridges such as UT2 (Rivers et al., 2023). As calving processes 

exert significant forcing over grounding line position resulting in an unstable ice 

margin (Haseloff & Sergienko, 2022), summer ridges would be smaller and more 

reflective of grounding line forcing dynamics such as water depth relative to ice 

thickness (Simkins et al., 2018). 

• Winter and spring push advance (FIGURE 6.18C, D). Saturated and deformable 

subglacial sediments are advected toward and deposited at the grounding line via 

subglacial meltwater during late summer/early autumn (e.g. the same processes 

occurring in summer calving retreat processes). During winter/early spring, 

however, the ice margin re-advances (Boulton, 1986; Ottesen & Dowdeswell, 

2006), depositing additional material at the grounding line via bulldozing and 

deforming pre-existing material (this is represented by the larger Units 3a and 3b), 
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similar to the originally proposed formation by De Geer (1940). This results in a 

larger, more continuous ridge that is likely formed once per season; however, it 

should be considered that size and lateral continuity would inevitably be 

determined by other factors such as ice-moraine contact configuration, water 

depth and sediment availability (Lønne & Nemec, 2011). These ridges, such as 

UT1, are considered as regular, prominent DGMs. Furthermore, as the ridge is 

formed via winter push processes, the position of the ridge would relate more 

closely to mass balance compared to the grounding line dynamics of summer 

calving ridges. As ice continues to retreat, a series of similarly formed winter and 

summer ridges are preserved on the landscape (FIGURE 6.18E). 
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FIGURE 6.18. Proposed conceptual model of inter-seasonal De Geer ridge forming 

processes. A) Late spring/early summer: fine-grained materials settle out at GL (Unit 2). 

Ice may depress into bed during temporary stabilisations resulting in coarser-grained 

sediment extrusion (Unit 3). B) Late summer/early autumn: increased subglacial 

meltwater transports coarser-grained material to grounding line. Possible proximal 

compaction may occur due to buoyant flexure of overriding ice (Units 3a/4). Calving 

processes occur creating a series of irregularly spaced ridges. C) Late autumn/early winter: 

ice margin retreated to winter position. Aggregation of glaciofluvial material at grounding 

line. Possible proximal compaction from buoyant flexure of overriding ice. Release of debris 
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from overriding ice. D) Late winter/early spring: ice re-advance over deposited material. 

Proximal thrusting and significant shearing deform most notably upper proximal units of 

ridge (Units 4/5) however, deformation could occur throughout sediment package. 

Release of debris from overriding ice. E) “De Geer terrain” characterised by regular 

(winter) and irregular (summer) ridges. Interdistances between winter ridges indicate 

annual rate of retreat. 

The complexity in depositional processes between different DGMs gives rise to a 

potential ambiguity regarding the term “De Geer moraine”. Lundqvist (2000) highlights 

that the term “De Geer Moraine” is often extended to similar landforms (e.g. cross-valley 

moraines, washboard moraines), and even when the term “De Geer moraine” is used very 

strictly (e.g. only to those moraines originally described by Gerard De Geer), there can be 

more than one formation mechanism. In contrast, Bouvier et al., (2015) suggests that 

DGMs are an example of equifinality. Ojala (2016) classified De Geer moraine fields into 

five maturity classes based on their spatial regularity and distinct ridge-type appearance. 

Given that the term De Geer moraine is thus neither strictly descriptive, nor genetic, it is 

proposed that these distinctive fields of ice marginal ridges could be called “De Geer 

terrain (DGT)”. This captures the equifinality of DGMs and the range of landforms 

described based on their appearance (fields of parallel ridges resembling a washboard), 

whereby different inter-seasonal ridge forming processes may occur within the same 

environment.  

When viewing the integrated model (FIGURE 6.18), wider DGT configuration can be 

considered. As previously highlighted (FIGURE 6.2), DGT can be configured in one of three 

ways; i) only regular ridges, ii) regular ridges interspersed with irregular ridges, or iii) only 

irregular ridges. Based on this model, DGT configuration would elucidate which inter-

seasonal ridge forming processes are most dominant relative to grounding line dynamics 

(Lønne & Nemec, 2011). For example, DGT comprising only lower amplitude irregular 

ridges may suggest that calving processes are most dominant and thus signify increased 

water depths (Simkins et al., 2018). This is not to suggest that evidence of winter 

readvance deposits are absent, rather that summer calving is more prominent and 

therefore ridges of this origin are more plentiful. Equally, the reverse would be true of 

DGT characterised by more prominent regular ridges, suggesting that calving processes 
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are limited, or pre-existing summer ridges have been destroyed, and therefore 

assemblages are more indicative of regular winter readvance deposits. It should be 

acknowledged that this is a general rule for De Geer ridge formation, and additional local 

complexities such as bedrock topography may impose significant influences over 

formation processes. 

6.5.3 Implications for ice marginal reconstructions 

As defined in the model (FIGURE 6.18), it is found that DGT assemblages may contain bi-

seasonal signals which may in some instances be identified by the size and regularity of 

the ridges. This signifies that an annual signal is present, however, the annual regularity 

of ridges must be carefully identified when considering whether they can be used as 

annual ice marginal indicators. As highlighted in previous studies, the variability in DGT 

appearance and distribution support the notion that no single model is appropriate for 

the genesis of all De Geer ridges (Ojala, 2016).  It would be reasonable to assume that the 

regularity of ridges in DGT provides some guidance to distinguish between inter-seasonal 

signals (e.g. regularly spaced ridges are likely to be more indicative of winter readvances), 

however, external influences must also be accounted for such as: calving intensity, 

bedrock topography, sediment availability, ice-moraine contact, water depth etc. 

Regardless of formation process, both winter push and summer calving ridges denote ice 

margin spatial positioning. However, for use as retreat rate indicators, the seasonal timing 

of deposition must be identified. 

Previous studies have attempted to address this problem, finding positive correlations 

between regularly spaced push ridges and annual rates of retreat (De Geer, 1940; Bouvier 

et al., 2015; Ojala, 2016; Sinclair, 2018). However, the slight variations between inter-

seasonal formation processes can make this correlation difficult to establish (Hoppe, 

1959; Möller, 1962; Zilliacus, 1981, 1989; Sollid, 1989; Lindén & Möller, 2005). This study 

provides an integrated conceptual model for the different seasonal types of De Geer ridge 

that can form in a grounding line/calving environment.  Future work, as demonstrated in 

chapter 7, could use this model to begin to reconstruct detailed ice margin behaviour in 

Finland and further afield where DGT evidence is present. 

 



 
 

158 
 

6.6 Conclusions 

DGMs may act as valuable ice marginal indicators; however, to date, their variable mode 

of formation has presented challenges for this utility. This study develops upon existing 

morphometry studies, using sedimentological and GPR methods, to refine the current 

understanding of how DGMs are formed. More specifically, this study compares the 

internal structures of regular and irregular DGMs, revealing that subtly different ridge 

forming processes can occur within the same environment. 

The DGMs studied suggest an overall multi-phase structure, with lower units 

representing ice marginal extrusion and/or basal cavity infill deposits, truncated by a 

larger prominent push/bulldozed unit, which is subsequently deformed by overriding ice. 

Significant disparities between proximal and distal structures are notable, with proximal 

parts characterised by laminae, stratification and thrust planes, and distal parts 

characterised by looser diamicton and erosional effects caused by local topography, 

calving processes and current reworkings. Generally, the internal architecture of both 

prominent and intermediate ridges is the same; however, the main architectural 

differences observed are the extent of Unit 2 which is more extensive in the observed 

intermediate ridge, as well as the presence of proximally located deformed clays within 

prominent ridges likely deposited during quiescent periods in winter. No evidence 

indicative of crevasse infilling as a mechanism for DGM formation is found. 

This study presents an integrated conceptual model whereby all De Geer ridges are 

formed in the same way with slightly different inter-seasonal formation processes 

occurring within the same sub-aqueous ice marginal environment. These slight variations 

can be subcategorised as: i) sediment deposition at an unstable margin during summer 

calving, and ii) sediment bulldozing/pushing at a stabilised margin during a winter 

readvance. In addition, a new landform classification is proposed whereby “De Geer 

Terrain” may be used as an alternative to “De Geer moraines” to describe series of parallel 

ridges arranged in a typical washboard-like configuration. This alternative classification is 

considered to be helpful and clearer when describing fields of similar ridges that are 

formed by different inter-seasonal processes.  
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Previous studies conducted in Sweden have found that prominent, regularly spaced 

ridges appear to coincide with independently determined margin-retreat rates. This is 

suggested to be an important direction for future research in Finland and is explored in 

chapter 7. 
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Chapter 7: An annual ice margin reconstruction and investigation of 

grounding line mechanics in the southern Baltic Sea Ice Lobe area of the 

Fennoscandian Ice Sheet using De Geer moraines as geochronometric 

indicators 

Rivers, G.E., Storrar, R.D., Ojala, A.E.K. & Jones, A.H. (in prep). An annual ice margin 

reconstruction and investigation of grounding line mechanics in the southern Baltic Sea 

Ice Lobe area of the Fennoscandian Ice Sheet using De Geer moraines as geochronometric 

indicators. 

 

This chapter presents a refined, annual ice margin reconstruction of the southern Baltic 

Sea Ice Lobe area of the FIS. In addition, this chapter presents analyses of grounding line 

variables to better understand ice margin retreat dynamics in the area. This work 

contributes to research objectives (1, 2 & 3) and is the final production of the overall aims 

of this research.  

 

Abstract 

Observations and projections of ice mass loss are an important area of research due to 

the rapidly warming climate. Reconstructions of past continental ice sheets, such as the 

FIS, provide a valuable means by which to elucidate ice sheet behaviour and improve 

understanding of how ice sheets respond to long periods of climatic change. To date, ice 

margin reconstructions delineate retreat rates at millennial to centennial resolutions. 

DGMs have the potential to increase these resolutions to annual timescales if their 

temporal properties can be accurately constrained. Using the established local clay-

varved chronology in the Baltic Sea Ice Lobe region of the FIS, the chronology of DGMs in 

the area is constrained to provide an ice margin reconstruction at ~annual resolution 

between 11 615 to 10 901 calendar years BP. Temperature, proglacial water depth and 

bed slope are evaluated to assess the impact on grounding line retreat rate across the 

study area. The results reveal highly dynamic fluctuations in patterns of annual retreat, 

compared to a uniform retreat pattern presented in previous work at 100-year resolution. 



 
 

161 
 

Investigations of grounding line forcing mechanisms show that no single variable 

dominates control of ice margin retreat; instead, complex and interconnected 

relationships between temperature, water depth and topography can be observed, 

whereby the dominance of each forcing mechanism varies over space and time. The 

results show that rates of ice margin retreat increase with greater temperatures and 

water depths, and when the grounding line migrates across smooth, shallow-gradient bed 

topography. In addition to increased rates of retreat, these variables also lead to 

significant grounding line instability as shown by increased fluctuations in annual retreat, 

which are likely driven by buoyancy-driven hinge calving processes. These processes are 

the result of surface thinning due to greater temperatures which allow the ice margin to 

reach flotation thickness, relative to proglacial water depth, creating an upward bending 

moment that results in calving at the ice margin. The retreat rates observed in this study 

range between ~500  - 2 000 m/yr-1. The higher-end retreat rates are similar to those 

observed in contemporary settings at Peterman Glacier, Greenland (1 250 m/yr-1) and 

Thwaites Glacier, West Antarctica (2 100 m/yr-1), whereby increased retreat rates coincide 

with grounding line migration across adverse bed slope topography, or past topographic 

pinning points.  This study demonstrates the utility of DGMs as ice margin 

geochronometric indicators and highlights the valuable information that can be derived 

relative to grounding line processes. The refined reconstruction presented in this study 

contributes to a deeper understanding of deglaciation processes at annual to centennial 

timescales which may be extrapolated to assist with projecting changes in contemporary 

ice sheets at societally relevant timescales. 

7.1 Introduction 

Observations and projections of ice mass loss are an important area of research due to 

the rapidly warming climate and uncertainties over rates of future sea level rise (IPCC, 

2023). At the margins of ice sheets, where ice extends into the ocean, ice mass loss is 

regulated by external forcings from the ocean and atmosphere (Bamber et al., 2007; 

Dawson et al., 2022; Fyke et al., 2018). These areas are notoriously difficult to observe in 

contemporary settings due to inaccessibility and the relatively limited time window of 

available satellite observations (e.g. ~50 years). For example, Park et al. (2013) observed 

retreats rates of ~ 0.95 km yr-1 at Pine Island Glacier, West Antarctica; however, 
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observations were limited between 1992 and 2011. Similarly, Milillio et al. (2019) 

observed retreat rates of 0.8 km yr-1 at Thwaites Glacier, West Antarctica between 1992 

to 2017. Brancato et al. (2020) observed a 5.4 km retreat of Denman Glacier, East 

Antarctica between 1996 and 2018. Antropova et al. (2024) measured retreat rates of ~55 

m yr-1 at Milne Glacier, Ellesmere Island, Canada between 1966 to 2023. The temporal 

limitations of these studies highlight a gap in understanding at decadal to centennial 

timescales. Reconstructions of past continental ice sheets, such as the FIS, provide a 

means to overcome these issues, offering insights that can improve our knowledge of 

contemporary ice sheet behaviour in response to longer periods of climatic change (Clark 

et al., 2022; Dalton et al., 2023; Gowan et al., 2021; Hughes et al., 2016; Ó Cofaigh et al., 

2014; Stroeven et al., 2016).  

Within ice marginal zones, the ‘grounding line’ refers to a sensitive boundary where 

grounded and floating ice intersect (Benn & Evans, 2010; Brunt et al., 2010; Bradley & 

Hewitt, 2024; Friedl et al., 2020; Schoof, 2007; Powell & Alley, 1997). Motion at the 

grounding line occurs across a range of timescales. At shorter time scales (e.g. subdiurnal 

to diurnal), motion is tidally forced; at much longer timescales (centennial to millennial), 

forcings are more complex, involving interdependent feedback mechanisms between ice, 

climate, land and ocean (Hager et al., 2024; Hogan et al., 2023; Lowry et al., 2019; Sejrup 

et al., 2022; Shackleton et al., 2019). Investigating grounding line motion across the range 

of timescales is important as it enables us to understand different forcing mechanisms 

and their impact on rates of deglaciation. For example, if an ice sheet continues to retreat 

over a retrograde bed slope, it is postulated to lead to significant instability; the concept 

referred as Marine Ice Sheet Instability (MISI) (Schoof, 2007; Weertman, 1974). This 

concept comes from the notion that ice flux across the grounding line increases with 

thickness. As such, retreat on a retrograde bed slope into deeper water, characterised by 

regions of greater ice thickness, facilitate a self-perpetuating retreat dynamic that can 

drive the grounding line past a critical threshold from which it cannot easily recover (Hill 

et al., 2023; Pattyn & Morlighem, 2020; Schoof, 2007; Weertman, 1974).  

MISI is often discussed in relation to the sensitivity of the West Antarctic Ice Sheet and 

the potential risk of collapse if the grounding line retreats past areas of topographic 
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stabilisation (Book et al., 2022; Yu et al., 2018). Specifically, this has been demonstrated 

by Reese et al. (2023), whereby modelling of Amundsen Sea glaciers shows an evolution 

of irreversible retreat from centennial to millennial timescales, leading to eventual 

collapse and a sea level rise of 2.7 to 3.5 m. This affirms the importance of observing ice 

sheet retreat processes across various timescales in order to understand how they 

emerge and evolve over time, and to establish the magnitude of instabilities (England et 

al., 2022; Rignot et al., 2014; Scambos et al., 1994; Schoof, 2007; Sergienko, 2022; Siegert 

et al., 2003; van Aalderen et al., 2024; Weertman, 1974; Winter et al., 2018). 

When sediments are deposited at the grounding line, resultant landforms can mark 

the position of the ice margin and provide a geomorphologically informed record of 

glacier retreat and advance (Benn & Evans, 2010). This has become a well-established 

method for reconstructing and exploring ice margin position and oscillation at both short 

and long-term timescales. At shorter timescales (e.g. subdiurnal to diurnal), existing 

studies have used high-resolution bathymetry data to investigate low-amplitude 

grounding line ridges (also referred to as corrugation ridges) formed by tidally induced 

motion (Batchelor et al., 2023; Hogan et al., 2023). These studies observed rapid retreat 

rates of up to between 55 – 610 m day-1 as a result of dominant buoyancy-driven forcing 

mechanisms across shallow-gradient beds.  

At longer timescales (e.g. centennial to millennial), palaeo-ice sheet studies utilise very 

large ice marginal complexes, such as the Salpausselkäs moraines in Finland, to 

reconstruct ice margin position (Lunkka et al., 2022). These large moraine complexes, 

whilst significantly less regular than the diurnally formed corrugation ridges, can be used 

as ice sheet scale geochronological anchoring points for timing of deglaciation by dating 

their formation. This enables ice margin retreat to be delineated over much longer time 

periods; for example, depicting ice maximum extent to ultimate demise at time intervals 

of > 1,000 – 100 years (Clark et al., 2022; Dalton et al., 2023; Donner, 2010; Hughes et al., 

2016; Rinterknecht et al., 2004; Saarnisto & Saarinen, 2001; Stroeven et al., 2016). It is 

important to note, however, that at these timescales, even areas considered to be well 

constrained still hold uncertainties of between ~100 – 500 years (Stroeven et al., 2016), 

potentially missing valuable information regarding ice margin retreat dynamics. 
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Studies of varied temporal resolutions in reconstructions at short and long-term 

timescales illustrate the sensitivity of ice sheet margins to a wide range of grounding line 

forcing mechanisms; in addition, they also highlight a gap in understanding at 

intermediate timescales (e.g. annual to centennial) (Batchelor et al., 2023). These are 

critical timescales in which to understand ice margin retreat as they are more societally 

appropriate for contemporary ice sheet projections. 

Similar to the diurnally formed ‘corrugation ridges’ (Batchelor et al., 2023; Hogen et 

al., 2023), DGMs are low-amplitude, regularly spaced, parallel ridges, formed at the 

grounding line of water terminating ice margins (Blake, 2000; Bouvier et al., 2015; De 

Geer, 1889 & 1940; Golledge & Phillips, 2008; Larsen et al., 1991; Lindén & Möller, 2005; 

Rivers et al., 2024; Sinclair et al., 2018; Sollid & Carlsson, 1984; Sollid, 1989) (see section 

2.4). These ridges often present in ‘washboard-like’ fields and have been referred to 

collectively as De Geer terrain (DGT) to encapsulate different formation processes 

between individual ridges (see chapter 6; Rivers et al., 2024). The regularity of ridge 

occurrence within DGT suggests a rhythmic temporal pattern (potentially annual) of 

deposition (Bouvier et al., 2015; De Geer, 1940; Ojala, 2016; Sinclair et al., 2018); 

however, accurate timescale quantification has generally remained uncertain due to the 

presence of more ridges than required by independently determined rates of ice margin 

retreat, or their often complex geomorphological appearance, thus hindering their use as 

ice marginal indicators (Hoppe, 1959; Möller, 1962; Zilliacus, 1981 & 1989; Sollid, 1989; 

Lindén & Möller, 2005).  

Generally, individual ridge occurrence within DGT can vary, and can be confined to; 1) 

regularly spaced prominent ridges, 2) regularly spaced prominent ridges interspersed 

with irregular ridges, or 3) irregularly spaced ridges only (Ojala et al., 2015; Ojala, 2016; 

Rivers et al., 2023; Rivers et al., 2024, Zilliacus, 1981). The occurrence of irregularly spaced 

ridges poses challenges when attempting to constrain the timing of formation, as it 

presents a degree of deviation from the regular formation pattern. Previous studies 

undertaken in Sweden have suggested these irregularly spaced ridges to be reflective of 

inter-seasonal variations during formation (Bouvier et al., 2015; Lindén & Möller, 2005; 

Möller, 1962; Zilliacus, 1981). This can be seen more explicitly in chapter 6 whereby 

investigations of DGM internal architecture, comparing regular and irregular spaced 
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ridges, found that generally, regularly spaced prominent DGMs and irregular DGMs have 

the same formation properties, with slight variations that can be attributed to different 

inter-seasonal formation processes (Rivers et al., 2024). Congruent with ideas suggested 

in previous studies (Blake, 2000; Bouvier et al., 2015; De Geer, 1889 & 1984; Frödin, 1916; 

Möller, 1962; Sollid & Carlsson, 1984; Larsen et al., 1991; Lindén & Möller, 2005; Sinclair 

et al., 2018), the integrated DGM formation model presented in chapter 5 (section 6.5.2; 

FIGURE 6.18) depicts bi-seasonal changes in behaviour at the ice margin that reflect subtly 

different formation processes between regular and irregular ridges. Specifically, irregular 

ridges are suggested to form during periods of summer calving and retreat, and regular 

ridges are suggested to form during a late winter/early spring readvance, thereby 

reflecting an annual periodicity. This integrated model encompasses variable DGT 

configuration and validates the premise that DGMs may be used as effective annual ice 

margin indicators, provided that the regularly spaced ‘annual’ ridges can be accurately 

disentangled from the wider terrain. 

The chronology of DGM formation in southwest Finland can be tested by comparing 

the spatial occurrences of ridges with an established annual clay varve -based deglaciation 

chronology (Strömberg, 2005); similar to those undertaken previously in Sweden and 

Finland (Bouvier et al., 2015; De Geer, 1940; Ojala, 2016). If ages can be accurately 

constrained, DGMs may then be used as a basis for isochrone construction, which would 

in theory provide an annually refined ice margin reconstruction of the southwest Finnish 

sector of the FIS. Furthermore, the annual signal that is potentially present within DGT 

will also enable grounding line forcing mechanisms to be explored at intermediate 

timescales (e.g. centennial to annual), which is currently under-investigated (Batchelor et 

al., 2023). 

The purpose of this study is to: (i) investigate the extent to which DGMs are annual by 

using a locally established clay-varve chronology to constrain their relative age, (ii) test 

whether an annual ice margin reconstruction can be developed in the Baltic Sea Ice lobe 

(BSIL) area of the FIS during Late Weichselian to Early Holocene deglaciation using DGMs 

as geochronometric indicators, and (iii) investigate grounding line forcing mechanisms at 

intermediate timescales (e.g. annual to centennial) that are predominantly driving the 

rate of deglaciation in the area. 
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7.2 Study Area 

Following the LGM ~20 ka BP (Clark et al., 2009), the FIS underwent rapid retreat until a 

short-lived readvance during the YD ~12.9 – 11.7 ka BP (Donner, 2010; Rinterknecht et 

al., 2004; Saarnisto & Saarinen, 2001) (see section 3.3). The ice margin extent during the 

YD is marked by the position of the First and Second Salpausselkä ice marginal complexes 

that can be traced north-eastwards from the Scandinavian Peninsula through southeast 

Finland and Russian Karelia to the Kola Peninsula (NB: While the Finnish Salpausselkä 

moraines extend northward into Russian Karelia and the Kola peninsula, these are 

classified separately and have their own distinct nomenclature) (Donner, 2010; Glückert, 

1995; Lunkka et al., 2021; Rainio et al., 1995; Rinterknecht et al., 2004; Saarnisto & 

Saarinen, 2001; Tschudi et al., 2000; Putkinen et al., 2011). Following the YD, the ice 

margin became crenulated, resulting in the formation of independent ice lobes (although 

these may have already existed before the YD) (Ahokangas & Mäkinen, 2014; Putkinen et 

al., 2017; Punkari, 1980; Kurimo, 1982; Johansson et al. 2011), with southwest Finland 

being host to the southern sector of the BSIL (FIGURE 7.1). These ice lobes behaved time-

transgressively and were complex in retreat dynamics due to an increased sensitivity to 

localised conditions. Such complexities can obscure understanding of deglaciation; 

however, it is generally accepted that after the YD, the ice margin returned to a relatively 

stable state of retreat, with a temporary standstill denoted by the Third Salpausselkä ridge 

(FIGURE 7.1) (Donner, 1995; Hughes et al., 2016; Johansson et al., 2011; Lunkka et al., 

2004 & 2021; Okko, 1962; Rainio et al., 1995; Stroeven et al., 2016). As such, pertinent to 

this study, from the end of YD (~11.7 ka BP), it can be assumed that no significant 

readvance occurred that may have overridden pre-existing formations, and thus DGMs 

after this period (e.g. up-ice of SS II), can be considered successive, thereby depicting a 

relatively undisturbed record of ice margin retreat. 

DGT is abundant across the BSIL area in southwest Finland, as a relic of the complex 

environment created by dynamic relationships between topography, fluctuations in 

proglacial water depth, ice mass redistribution and isostatic adjustment (Andrén et al., 

2011; Eronen et al., 2001; Fyfe, 1990; Glückert, 1991; Larson et al., 2009; Lunkka et al., 

2019; Ojala, 2016; Sharma, 1984; Szuman et al., 2024). Due to the complexity of ice lobe 

setting and oscillation, deglaciation dynamics in southwest Finland after the YD are not 
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precisely delineated nor absolutely dated (Lunkka et al., 2021).  It is evident in the area 

that proglacial water depth became generally suitable for the formation of DGMs only 

after the 25-28 m drop of the Baltic Ice Lake to the Yoldia Sea water level when a sudden 

and catastrophic drainage into the North Atlantic occurred (e.g. Andrén et al., 2002). This 

can be seen by the onset of DGT formation whereby it is only observable northwest of 

the drainage boundary (FIGURE 7.1). This drainage event has been dated to 11 590 ±100 

cal. years BP by Saarnisto & Saarinen (2001), 11 560 cal. years BP by Andrén et al. (2002), 

11 620 ±100 cal. years BP by Stroeven et al. (2015) and 11 570 cal. years BP by Donner 

(2010), i.e. occurring very soon after the formally defined Pleistocene/Holocene 

boundary 11 700 ±99 years b2k (i.e., 11 650 ±100 cal. years BP) (Walker et al., 2019). In 

the Finnish varve chronology by Sauramo (1923, 1929) the zero year (±0) marks the 

drainage of the Baltic Ice Lake into the Yoldia Sea when the ice margin had retreated inside 

the Salpausselkä II. In a corrected varve chronology Sauramo’s ±0 year corresponds to 

varve year  -1480 (Strömberg, 2005).  
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FIGURE 7.1. Location map showing DGT across southwest Finland within the southern 

sector of the Baltic Sea Ice Lobe. Salpausselkä moraines indicated by black polygons (SS I, 

SS II & SS III). Deltas are indicated by blue dots; red line (dotted line - speculative) depicts 

the position of Baltic Sea water drop estimated at between ~11 620 – 11 560 cal. years BP 

(Andrén et al., 2002; Donner, 2010; Saarnisto & Saarinen, 2001; Stroeven et al., 2015). 

7.3 Methods 

7.3.1 DGM mapping  

This work utilised the DGT dataset developed in chapter 5 (Rivers et al., 2023), whereby 

high-resolution, 2 m LiDAR data was used to identify and map all DGMs across southwest 

Finland. Based on automated 3D morphometric and statistical analyses, DGMs were 

subdivided into regular (prominent), and irregular (intermediate) ridge types determined 
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by prominence, lateral extent and successive regularity between individual ridges.  A total 

of 3 966 DGM landforms were mapped across the study area: 2 581 regular/prominent 

and 1 385 irregular/intermediate ridges. The identification and utility of both prominent 

and intermediate ridges was critical to allow an annual signal to be accurately identified 

across the wider terrain. It should be noted that in some instances, it was difficult to 

accurately differentiate between prominent and intermediate ridges due to formation 

controls such as strength of ice margin oscillation, sediment availability and preservation 

potential. As such, for the purposes of this study, both prominent and intermediate ridges 

were utilised, with a primary use of prominent ridges where possible; however, in more 

complex DGT, intermediate ridges were also utilised. 

7.3.2 Isochrone construction 

Individual DGMs were extended laterally across the study area, adjoining neighbouring 

ridges where possible, and guided by topographical inclination using dual azimuth 

hillshade rendered LiDAR imagery (LiDAR 6/23, National Land Survey of Finland). Each 

laterally extended moraine was designated as a single isochrone providing an indication 

of former grounding line position (FIGURE 7.2).  

In areas characterised by regular prominent DGMs, all ridges were extended as 

isochrones and compared with the local varved clay chronology (FIGURE 7.2A & B) 

(Strömberg, 2005). In areas of combined regular prominent and irregular ridges (FIGURE 

7.2C & D), and only irregular ridges (FIGURE 7.2E & F), selected ridges representing annual 

ice margin retreat comprise prominent ridges whenever possible, combined with 

irregular ridges if the number of ridges required by the varve chronology was greater than 

the number of observable prominent ridges (Strömberg, 2005) (see section 7.3.3, FIGURE 

7.3). This method leant on the premise that DGMs are formed annually (Bouvier et al., 

2015; De Geer, 1940; Ojala, 2016; Rivers et al., 2024; Sinclair et al., 2018).  

It is expected that not all moraines appearing in DGT would serve as annual formations 

due to the bi-seasonal characteristics (Bouvier et al., 2015; Lindén & Möller, 2005; Möller, 

1962; Zilliacus, 1981; Rivers et al., 2024) (see chapter 6); as such, a degree of subjectivity 

and uncertainty in the rate of annual deglaciation in areas of more complex DGT must be 

accepted. It should also be considered that in some areas DGT may be undetectable due 
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to postglacial sedimentation. For this reconstruction, all detectable ridges were 

considered successive, even across relatively large distances, despite the likelihood that 

some ridges may be absent. This will inevitably be reflected in the data showing greater 

retreat distances than what may reasonably be expected in some areas; however, due to 

the abundance of DGT in the area, we expect these anomalies to be minimal. 
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FIGURE 7.2. Hillshaded DEM imagery showing ice margin isochrone construction from 

designated moraines across varied DGT configuration [DEM source: ®National Land 
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Survey of Finland, LiDAR digital elevation model, 2/2023]. 7.2A & B) show regular, 

prominent moraines only; panels 7.2C & D) show regular, prominent DGMs interspersed 

with irregular DGMs; and 7.2E & F) show irregular moraine only. In areas characterised by 

DGT as shown in 7.2C, D, E & F, prominent moraines were primarily used and the number 

of irregular moraines used were informed by the number required from the local varve 

chronology (Strömberg, 2005) to derive an annual reconstruction.   

7.3.3 Geochronological anchoring 

The existing clay varve chronology across southwest Finland between Salpausselkä II and 

Kustavi was used as a floating time constraint for correlation with DGM frequency 

(Strömberg, 2005). Ridges were connected to the nearest varve site and individual ridge 

occurrence between each varve site was counted and matched against the floating dates 

(FIGURE 7.3). This provided an effective means by which to compare an annual rate of 

deglaciation between DGMs and the existing varve chronology (Strömberg, 2005), and by 

which to accurately quantify the timescale of DGM formation. Varve sites were selected 

based on, 1) proximity to ridges and 2) dates successively decreased between varve sites 

from a southeast to north-westerly direction (e.g. in the direction of deglaciation).  



 
 

173 
 

 

FIGURE 7.3. Images illustrating geochronological anchoring for the DGM-derived 

reconstruction. A) Hillshaded DEM showing correlation between regularly spaced mapped 

DGMs and varve / interpreted calendar years; B) Hillshaded DEM showing DGMs without 

mapped polylines; C) Map showing location of study area and selected varve sites from 

(Strömberg, 2005); D) Map showing selected varve sites and DGMs located across 

southwest Finland. Selected clay varved sites were used from the established local 

chronology across southwest Finland (Strömberg, 2005). DGMs were connected to varve 

sites by closest proximity. The number of successive DGMs were counted and matched to 

varve dates between sites in direction of deglaciation.  

Here, we use the corrected varve chronology by Strömberg (2005) which was updated 

from the older Finnish varve chronology produced by Sauramo (1923) and connected to 

the ‘Swedish Time Scale’. Whilst this chronology is floating, calendar year time constraints 

were correlated based on the estimated date of the final drainage of the Baltic Ice Lake at 
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11 620 cal. yr BP according to Stroeven et al. (2015), which corresponds to  -1480 in 

floating varve years by Strömberg (2005). This allowed the reconstruction of time steps 

for ice margin positions and comparison of DGM-based rate of deglaciation with NGRIP 

temperatures (Vinther et al. 2009). 

7.3.4 Analysis of grounding line forcing mechanisms 

To determine annual retreat rate, five deglaciation flow lines were positioned 

perpendicular to constructed isochrones and were distributed evenly across the study 

area to obtain an average rate of retreat between each annually estimated isochrone 

(FIGURE 7.4). Distance of retreat analysis was then undertaken to test whether retreat 

rate correlated with, 1) temperature (using the NGRIP 20-year average temperature data 

(Vinther et al. 2009)), 2) topographic controls (i.e. slope and elevation), and 3) water 

depth (Ojala et al., 2013), to investigate the strength and spatiotemporal variability of 

grounding line forcing mechanisms (FIGURE 7.4). NB: slope was analysed overall and 

separately by ‘type’ (e.g. adverse vs normal). Slope in this instance is considered more 

representative of terrain roughness, whereas elevation profiles provide an indication of 

bed slope direction (e.g. adverse vs normal). Other retreat rate variables such as proglacial 

water temperature and ice surface slope were not analysed in this study; however, 

influences from these variables should be acknowledged.  
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FIGURE 7.4. Map (7.4A) and method sketch (7.4B). 7.4A) shows mapped DGMs presented in blue and relative constructed isochrones presented in pink. 

Varve sites depicted by purple dots. Deglaciation flow lines are shown in white and were used to derive average retreat distance and grounding line 

variable datasets along each intersected isochrone. 7.4B) illustrates methods for data extraction and calculations are illustrated in the method sketch.
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7.4 Results 

A 714 yearlong annual ice margin reconstruction was developed across the study area 

based on DGM derived isochrones between 11 615 – 10 901 cal. yr BP. FIGURE 7.5 

presents constructed isochrones that are colour-graded to coincide with annual retreat 

rate. The reconstruction is subdivided into five spatiotemporal segments based on 

interesting variations in retreat: 1) a period of increasing retreat up to the Salpausselkä III 

moraine, 2) a decline in retreat rate, 3) a return to a gradual increase, 4) a period of 

fluctuating retreat rates, and 5) a return to increased retreat rates. The overall shape and 

pattern of DGM derived isochrones were compared to the current highest resolution 

reconstruction in the area (e.g. 100-year intervals; Stroeven et al., 2016) (FIGURE 7.6). 

This enabled testing of the plausibility of results and to establish the degree of refinement 

achieved. This comparison is also presented as line plots (FIGURE 7.7) whereby annual 

and 100-year (Stroeven et al., 2016) ice margin retreat rates are compared. Overall, 

broadly similar patterns are observed between the two, with retreat rate increasing 

through time from 250 up to 2 000 m/yr-1 (FIGURE 7.7).  
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FIGURE 7.5. Annual DGM-derived reconstruction with colour-graded isochrones 

delineating rate of retreat (m/yr-1). The reconstruction is subdivided in spatiotemporal 

segments as outlined above: 1) 11 615 – 11 531, 2) 11 530 – 11 350, 3) 11 349 – 11 150, 

4) 11 149 – 11 000, 5) 10 999 – 10 901. 
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FIGURE 7.6. Annual ice margin reconstruction of the southwest Finnish sector of the 

Fennoscandian Ice Sheet between 11 615 – 10 901 cal. years BP, derived from DGMs 

located across the study area (pink isochrones). The reconstruction is subdivided into 

spatiotemporal segments 1-5 as defined in FIGURE 7.5. 100-year isochrones between 11.6 

– 10.7 ka BP are overlaid for context and comparison (blue isochrones) (Stroeven et al., 

2016).  
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FIGURE 7.7. Line plots comparing estimated retreat rate across southwest Finland between DGM-derived annual reconstruction (grey line plot) and 100-

yr reconstruction (blue line plot) (Stroeven et al., 2016). The plots are subdivided into the spatiotemporal segments 1-5 as defined in FIGURE 7.5.  NB: the 

retreat rate from Stroeven et al. (2016) was compared between 11 400 – 10 900 cal. yr BP based on the spatial extent of mapped DGMs, and deglaciation 

flow lines as shown in FIGURES 7.4A &  7.6.
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Overall, the two reconstructions show strong similarities between the general ice margin 

configuration and pattern of retreat (FIGURE 7.6). This provides a reasonable indication of 

accuracy and means of quality control for the DGM-derived reconstruction. FIGURE 7.7 presents 

a more detailed comparison between estimated retreat rates showing a significantly more 

detailed and nuanced retreat pattern compared to the 100-year resolution. This is particularly 

notable when visualising fluctuations between annual rates of retreat (e.g. segments 4 & 5, 

FIGURE 7.7). In the DGM-derived reconstruction, within segments 3 & 4, it should be noted that 

some of the observed gaps/increased distances of retreat may be due to less evidence of DGT 

(FIGURES 7.5 & 7.6). This is likely attributed to postglacial sedimentation. Nevertheless, despite 

these uncertainties, the DGM-derived reconstruction, still shows significant improvements of 

estimated ice margin retreat characteristics compared to the that of the 100-year 

reconstruction (Stroeven et al., 2016) (FIGURES 7.6 & 7.7).  

7.4.1 Grounding line variables 

Grounding line variables temperature (Vinther et al., 2009), proglacial water depth (Ojala et al., 

2013), and slope (from LiDAR DEM) were analysed to investigate relationships with retreat rate. 

Results are presented as 20-year average resolution in section 7.4.1.1, to enable more accurate 

comparisons with the 20-year average NGRIP temperature records (Vinther et al. 2009), and 

annual resolution in section 7.4.1.2, to enable more detailed analysis derived from the annual 

DGM dataset.  

7.4.1.1 20-year resolution results  

Scatter plots are presented below measuring the strength of correlation between retreat rate 

(m/20-yr) and grounding line variables, temperature (⁰C) (FIGURE 7.8A), slope (⁰) (FIGURE 7.8B) 

and water depth (m) (FIGURE 7.8C), using 20-year averaged datasets. Line plots are presented 

in FIGURE 7.9 showing retreat rate (m/20-yr) (FIGURE 7.9A), water depth (m) (FIGURE 7.9B), 

temperature (⁰C) (FIGURE 7.9C), and slope (⁰) vs time (cal. yr BP) (FIGURE 7.9D). An elevation 

profile (FIGURE 7.9E) is also presented to compare gradient across the entire study area in the 

direction of deglaciation. NB: extreme outliers in retreat rate due to lack of DGM evidence were 

removed to mitigate any influential inaccuracies when undertaking statistical analyses. Results 

are outlined for each defined time segment in turn.   
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FIGURE 7.8. Scatter plots presenting correlations between A) 20-year avg. NGRIP temperature (⁰C) (Vinther et al., 2009), 2) slope (⁰), and 3) water depth 

(m) vs retreat rate (m/20-yr). NB: for the purposes of fair correlation with the 20-year average NGRIP temperature records, retreat rate, slope and water 

depth data were also converted to 20-year average. 
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FIGURE 7.9. Line plots showing grounding line variables at 20-year averages: A) retreat 

rate (m/20-yr); B) water depth (m); C) 20-yr avg. NGRIP temperature (⁰C); D) slope (⁰) vs 

time (cal. years BP); E) elevation (m) vs distance (m) across study area in direction of 

deglaciation. Panels mark time segments 1) 11 615 – 11 531, 2) 11 530 – 11 350, 3) 11 

349 – 11 150, 4) 11 149 – 11 000, 5) 10 999 – 10 901 and correspond with the grounding 

line variable maps presented in FIGURE 7.5. 

1) 11 615 – 11 531 cal. yr BP: During this period, retreat rate is slow with a slight 

increase between ~11 615 to ~11 575 cal. yr BP, which then levels to steady retreat rate 

of 300 m/20-yr. Water depth, whilst relatively low at this stage, decreases slightly across 

this time period. Temperature shows a similar pattern whereby a slight decrease is 

observed but generally this variable remains low and stable. Slope and elevation are 

relatively stable, characterised overall by a normal bed slope direction.  
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2) 11 530 – 11 350 cal. yr BP: Overall, this period is characterised by the slowest 

retreat rate as a continuation from the previous segment, including a slight decrease up 

to ~11 450 cal. yr BP, then transitioning to a slight increase. Temperature remains low 

and stable and then decreases from ~11 475 cal. yr BP. Water depth continues to 

decrease. Terrain continues to increase in roughness during the beginning of this time 

period and stabilises from ~ 11 450 cal. yr BP onwards. This is also the stage at which 

bed slope direction transitions from normal to adverse, which coincides with the slight 

increase in retreat rates toward the end of this time period.   

3) 11 349 – 11 150 cal. yr BP: The increased trajectory of temperature and retreat 

rate observed from ~11 400 cal. yr BP continues from the previous segment, whereby 

the relationship between these two variables is most prominent. A general increase in 

retreat rate is observed across the whole time period which also corresponds with the 

continual increase in water depth. Terrain becomes smoother during this this time 

period, characterised by a relatively flat bed topography. 

4) 11 149 – 11 000 cal. yr BP: Retreat rate is the most dynamic within this time period 

in contrast to those previously described. Temperature and water depth maintain a 

gradual increase during this time; however, terrain roughness increases, characterised 

by a normal bed slope direction. This appears to coincide with decreased retreat rates. 

Slope then transitions sharply to an adverse bed slope direction, followed by a sustained 

period of smoother terrain.  

5) 10 999 – 10 901 cal. yr BP: This period is characterised by strong fluctuations in 

retreat rate. During this time period, water depth continues to rapidly increase. 

Temperatures remain relatively high gradually increasing. Terrain roughness is relatively 

smooth; however, overall bed slope direction is adverse. The spike in retreat rate at the 

beginning of this time period denote the highest retreat rates observed from the data. 

NB: interpretations of very high retreat rates should be taken with the caveat that these 

may coincide with limited DGT evidence that can produce similar results.  

Statistical analyses in FIGURE 7.8 show moderate and significant positive correlations 

between retreat rate, temperature and water depth (temperature: r = 0.63, p < 0.05; 

water depth: r = 0.66, p < 0.05). Based on the line plot visualisation in FIGURE 7.9, it is 
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apparent that these variables correlate across the entire study area, with a varying 

degree of strength throughout. Slope was analysed both with and without distinction 

between slope type (e.g. normal vs adverse). Without distinction, slope shows a slight 

statistically significant weak negative correlation with retreat rate (slope: r = -0.39, p < 

0.05). In contrast, when distinguishing between slope type, the data shows no 

statistically significant correlation for either (normal: r = -0.31, p > 0.05, adverse: r = -

0.42, p > 0.05). Whilst the overall correlation between slope and retreat rate is weak, 

based on visual observations presented in FIGURE 7.9, it would be reasonable to argue 

this variable does influence retreat rate to some degree, even at shallow-gradients; 

however, due to the dominance of water depth and temperature, and given that slope 

extent is relatively minimal across the study area, it is difficult to precisely extricate the 

relationship with this variable.  

7.4.1.2 Annual resolution results  

Results derived from annual datasets are presented below. FIGURE 7.10 presents colour-

graded isochrone maps relative to each variable: retreat rate (m/yr-1) (7.10A), slope (⁰) 

(7.10B), 20-yr avg. NGRIP temperature (⁰C) (7.10C) and water depth (m) (7.10D).  

FIGURE 7.11 presents quantified data as box and whisker plots showing annual retreat 

rate (m/yr-1) (FIGURE 7.11A), water depth (m) (FIGURE 7.11B), 20-yr avg. temperature 

(⁰C) (FIGURE 7.11C), slope (⁰) (FIGURE 7.11D) and elevation (m) (FIGURE 7.11E). This 

data can also be found tabulated in Appendices Table 1. Histograms and scatterplots are 

presented showing the relationship between retreat rate (m/yr-1), water depth (m) 

(FIGURE 7.12) and slope (⁰) (FIGURE 7.13). NB: temperature is excluded from correlative 

scatterplots at annual resolution due to the dataset being 20-year average (Vinther et 

al., 2009). Line plots are presented in FIGURE 7.14 showing: A) retreat rate (m/yr-1), B) 

water depth (m), C) temperature (20-yr avg.) (⁰C), and D) slope (⁰) vs time (cal. yr BP), 

and E) elevation vs distance (m) across the study area. Line plots are subdivided by pink 

dashed lines that correspond with the spatiotemporal segments defined in FIGURE 7.5.   
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FIGURE 7.10. Annual resolution reconstruction maps presented with colour-graded 

isochrones relative to each variable: A) retreat rate (m/yr-1), B) slope (⁰), C) 20-yr avg. 

NGRIP temperature (⁰C), and D) water depth (m). Panels mark time segments - 1: 11 615 

– 11 531, 2: 11 530 – 11 350, 3: 11 349 – 11 150, 4: 11 149 – 11 000, 5: 10 999 – 10 901. 
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FIGURE 7.11. Box plots showing: A) retreat rate (m/yr-1), B) water depth (m), C) 20-yr 

avg. NGRIP temp (⁰C), D) slope (⁰), and E) elevation (m) across each time segment; 1) 11 

615 – 11 531, 2) 11 530 – 11 350, 3) 11 349 – 11 150, 4) 11 149 – 11 000, 5) 10 999 – 

10 901 (FIGURE 7.5). NB: Boxes represent interquartile range, upper and lower bounds 

of boxes denote upper and lower quartiles respectively, black line within boxes represent 

median values, ‘X’ within boxes represent mean average values including outliers, 

whiskers denote minimum and maximum values excluding outliers. 



 
 

187 
 

 

FIGURE 7.12. Annual resolution histograms showing water depth (m) vs retreat rate 

(m/yr-1). Each histogram represents time segments - A: 11 615 – 11 531, B: 11 530 – 11 

350, C: 11 349 – 11 150, D: 11 149 – 11 000, E: 10 999 – 10 901 and correspond with 

the grounding line variable maps presented in FIGURE 7.5.  
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FIGURE 7.13. Annual resolution scatterplots showing retreat rate (m/yr-1) vs slope (⁰). 

Each scatterplot represents time segments - A: 11 615 – 11 531, B: 11 530 – 11 350, C: 

11 349 – 11 150, D: 11 149 – 11 000, E: 10 999 – 10 901 and correspond with the 

grounding line variable maps presented in FIGURE 7.5. 



 
 

189 
 

 

FIGURE 7.14. Annual resolution line plots: A) retreat rate (m/yr-1), B) water depth (m), C) 

20-yr avg. NGRIP temperature (⁰C), D) slope (⁰), vs time (cal. years BP); and E) elevation 

(m) vs distance (km). Spatiotemporal segments are represented by pink dashed lines to 

correspond with the time segments shown in FIGURE 7.5 - 1: 11 615 – 11 531, 2: 11 530 

– 11 350, 3: 11 349 – 11 150, 4: 11 149 – 11 000, 5: 10 999 – 10 901. 

1) 11 615 – 11 531 cal. yr BP: Retreat rate is relatively low during this time period, 

with a slight increase from ~11 550 cal. yr BP. In addition, annual fluctuations in retreat 
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rate are minimal during this stage, reflecting a relatively stable ice margin (FIGURES 

7.10A & 7.14A). Water depth is relatively low characterised by a decreasing trend 

(FIGURES 7.10D & 7.14B). Temperatures are relatively low and stable (7.10C & 7.14C). 

Slope as an indicator of terrain roughness shows a moderate roughness (FIGURES 7.10B 

& 7.14D) characterised overall by a normal bed slope direction; however, some relatively 

significant alternations in bed slope direction can be observed in this period (FIGURE 

7.14E). 

2) 11 530 – 11 350 cal. yr BP: This period is characterised by the slowest retreat rates; 

however, annual fluctuations begin to increase slightly in contrast to the previous time 

period (FIGURES 7.10A, 7.11 & 7.14A). Water depth is also lowest during this period, 

which begins to increase slightly from ~11 425 cal. yr BP (FIGURES 7.10D, 7.12B & 7.14B). 

Temperature continues to remain stable as a continuation from the previous time period 

and decreases from ~11 475 cal. yr BP (FIGURES 7.10C, 7.11 & 7.14C). Terrain roughness 

is greatest at this stage (FIGURES 7.10B & 7.14D), characterised overall by an adverse 

bed slope direction (FIGURE 7.14E). 

3) 11 349 – 11 150 cal. yr BP: Retreat rate continues to increase during this stage 

along with progressively increasing annual fluctuations (FIGURES 7.10A, 7.11 & 7.14A). 

Water depth continues to increase (FIGURES 7.10D, 7.11B & C, & 7.14B). Temperature 

continues to increase from the previous time period, decreasing slightly from ~11 290 

cal. yr BP and returning to a steady increase from ~11 275 cal. yr BP (FIGURE 7.10C, 7.11 

& 7.14C). Terrain becomes smoother during this time period (FIGURES 7.10B & 7.14D), 

characterised by a relatively flat bed topography (FIGURE 7.14E). 

4) 11 149 – 11 000 cal. yr BP: General and annual fluctuations in retreat rate become 

more prominent during this period (FIGURES 7.10A, 7.11 & 7.14A). Water depths 

continue to increase (FIGURES 7.10D, 7.12C & D, & 7.14B), and temperatures remain 

relatively high (FIGURES 7.10C, 7.11 & 7.14C). Terrain continues to become smoother as 

a continuation from the previous time period, with a slight increase in roughness at ~11 

080 cal. yr BP (FIGURES 7.10B, 7.11 & 7.14D), which coincides with a change in bed slope 

direction from normal to adverse (FIGURE 7.14E). General fluctuations in retreat rates 

appear to align with bed slope topography (FIGURE 7.14A & E).  
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5) 10 999 – 10 901 cal. yr BP: Retreat rates continue to increase from the previous 

time period and annual fluctuations increase dramatically at this stage reflecting an 

increasingly unstable ice margin (FIGURES 7.10A, 7.11 & 7.14A). Water depths continue 

to increase at a relatively high rate (FIGURES 7.10D, 7.11, 7.12 D & E, & 7.14B). 

Temperature remains high (FIGURES 7.10C, 7.11 & 7.14C). Terrain is smoothest during 

this period (FIGURES 7.10C & 7.14D), characterised overall by an adverse bed slope 

direction (FIGURE 7.14E).  

The annual resolution line plot results (FIGURE 7.14) mirror the general relationships 

as described from the 20-year average data (section 7.4.1.1), whereby retreat rate 

increases with greater water depths (FIGURES 7.9A & C), higher temperatures (FIGURE 

7.9A & C), and flatter terrain (FIGURE 7.9A, D & E). However, when visualising the data 

at annual resolution, detailed fluctuations between years can be observed (FIGURE 

7.14A). Overall, variability in annual retreat rate increases progressively from time 

segments (1) to (5) (FIGURE 7.14A) and denotes a more unstable ice margin. 

At annual resolution, the relationship between retreat rate and water depth is well 

defined in FIGURE 7.12, whereby comparisons across each of the time segments show 

that as water depth increases, occurrences of greater retreat distances can also be 

observed. When assessing slope as an indicator of terrain roughness, an inverse pattern 

can be observed, whereby retreat rates increase as terrain becomes smoother, despite 

statistical analyses revealing only weak correlations, and statistical significance in only 

some time periods (FIGURE 7.13C & E). Nevertheless, visual observations at annual 

resolution (FIGURES 7.10 & 14) more clearly depict how terrain facilitates the forcing 

mechanisms of water depth and temperature. Furthermore, terrain roughness (FIGURE 

7.14D), in conjunction with bed slope direction as depicted from the elevation data 

(FIGURE 7.14E), demonstrates the control of bed topography, whereby increased bed 

friction and topographic pinning points act to stabilise the ice margin and decrease rates 

of retreat (FIGURE 7.14A, D & E). Similarly, when bed slope direction is adverse, this acts 

to enhance rates of retreat (FIGURE 7.14A & E).  Overall, the results show that water 

depth, temperature and topography, as an interconnected dynamic system, provide 

favourable conditions for an increasingly unstable ice margin as deglaciation progresses. 
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7.5 Discussion 

7.5.1 Deglaciation chronology and ice margin characteristics 

The overall shape and configuration of the DGM-derived reconstruction shows strong 

similarities to the current highest resolution (100-year; Stroeven et al., 2016), providing 

an important means of quality control. The DGM-derived reconstruction provides more 

nuanced information regarding ice margin retreat characteristics and presents a 

significant improvement to that of the current 100-year resolution (Stroeven et al., 

2016) (FIGURES 7.5, 7.6 & 7.7). Furthermore, the refined reconstruction enables more 

accurate rates of retreat to be quantified.  

Considering that DGMs are reflective of ice margin characteristics, based on the 

formation processes outlined in chapters 5 and 6 (Rivers et al., 2023 & 2024), changes 

in DGT configuration can be assessed across the study area to make inferences regarding 

processes at the margin. Regular prominent DGMs are more dominant in the southeast 

of the study area, just after Salpausselkä III (e.g. segments 1 & 2, FIGURE 7.5), whereas 

irregular DGMs become more dominant toward the northwest. If prominent DGMs are 

considered reflective of winter readvances and irregular DGMs are reflective of summer 

retreat/calving events (Blake, 2000; Bouvier et al., 2015; De Geer, 1889 & 1940; Frödin, 

1916; Möller, 1962; Rivers et al., 2024; Sollid & Carlsson, 1984; Larsen et al., 1991; 

Lindén & Möller, 2005; Sinclair et al., 2018), the regular prominent DGMs in the 

southeast of the study area may be reflective of a more stable ice margin promoting 

prominent DGM formation (see chapter 6, section 6.5.2; FIGURE 6.18; Rivers et al., 

2024). In contrast, irregular DGM formations may be restricted in these areas due to 

unfavourable calving conditions imposed by shallower water depths (Benn et al., 2007; 

Boyce et al., 2007; Ojala et al., 2023; Ojala, 2016; Warren & Kirkbride, 2003). 

Concurrently, as water depth increases to the northwest of the study area, it can be 

inferred that calving processes become more prevalent, as reflected by a greater 

abundance of irregular DGMs and increased retreat rates (FIGURE 7.5). In addition, the 

good preservation of regular prominent DGMs in the southeast of the study area 

support the notion that deglaciation was not interrupted by readvances shortly after 

Salpausselkä III (e.g. segments 1 & 2, FIGURES 7.5 & 7.6).  
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The DGM-derived reconstruction provides valuable insights into the spatiotemporal 

properties of ice sheet retreat and margin characteristics. At an annual resolution, sub-

ice lobe scale glacier-terminus changes can be reconstructed which is important for 

delineating glacial dynamics, e.g. stepwise retreat of the grounding line. In addition, the 

shape and configuration of the ice margin can be assessed very precisely due to the 

formation processes of DGT. This is important for local studies of deglaciation and 

shoreline processes. In addition, this study provides additional evidence, combined with 

double-deltas (FIGURE 7.1), for deciphering the history of the Baltic Sea level, since the 

onset of DGMs in the study area mark the ice sheet position when drainage to the Yoldia 

sea level occurred (FIGURE 7.1). 

7.5.2 Grounding line forcing mechanisms during deglaciation 

The results show that there is no single forcing mechanism driving retreat across the 

study area. Instead, changes though time can be observed, driven by climate, water 

depth, and topography. Significantly, evolving strengths and interplay between each of 

the assessed grounding line mechanisms can be observed across the defined time 

segments.  

7.5.2.1 11 615 – 11 531 cal. yr BP 

During this period, retreat rate is relatively low, although slightly faster than segment 

(2), with each of the variables acting to suppress ice margin retreat (FIGURES 7.10 & 

7.14); namely, low water depths, low temperatures and moderate terrain roughness. 

Considering bed slope direction, however, whilst this time period is characterised overall 

by a normal slope direction, there are some moderate to significant alternations 

between normal and adverse at annual resolution. Despite these alternations, retreat 

rates do not appear as responsive to these topographic influences when to compared 

with later time periods. This suggests that water depth and temperature are slightly 

more dominant controls during this time.  

7.5.2.2 11 530 – 11 350 cal. yr BP 

This time period is characterised by the slowest retreat rate, shallowest water depths, 

lowest temperatures and greatest terrain roughness (FIGURE 7.10 & 7.14). Concerning 

terrain, bed slope direction is overall adverse, with the largest fluctuations in elevation. 

A slight response in retreat rate to bed slope direction is observed toward the latter end 



 
 

194 
 

of this time period, whereby retreat rates increase slightly as adverse bed slope becomes 

more prominent (FIGURE 7.14A & E). However, the other assessed grounding line 

variables (water depth, temperature and terrain roughness) appear to provide 

conditions acting to stabilise the ice margin (7.14A, B, C & D).  

 

7.5.2.3 11 349 – 11 150 cal. yr BP 

Retreat rate continues to increase concurrently with water depth and temperature 

during this time period (FIGURES 7.10 & 7.14). In addition, topography begins to 

decrease in roughness and bed slope in general becomes relatively flat. The period 

between 11 349 to 11 275 cal. yr BP denotes some strong similarities between retreat 

rate and temperature whereby a slight increase in both variables can be observed; 

suggesting a greater strength in forcing mechanism at this stage (FIGURE 7.14A & C). As 

time progresses, the similarities in the trajectory of increase between retreat rates and 

water depth from ~11 275 cal. yr BP, reflect a possible transition in strength of forcing 

mechanism from temperature, which appears to stabilise at this point, to water depth 

(FIGURE 7.14A & B). Similar decreasing trends are observed in terrain roughness during 

this time, depicting an increasing strength in this variable which acts to facilitate 

increased retreat rates (FIGURE 7.14A & D). 

7.5.2.4 11 149 – 11 000 cal. yr BP  

During this time the ice margin transitions to a much more dynamic and unstable state, 

characterised by greater fluctuations between years (FIGURES 7.10 & 7.14A). 

Temperatures remain relatively high, and water depth continues to increase (FIGURE 

7.14C & B). Terrain is relatively smooth overall, with some spikes in roughness observed 

at ~ 11 075 cal. yr BP (FIGURE 7.14D). Patterns of fluctuations in retreat rate can be 

observed at both annual and decadal-centennial timescales (FIGURES 7.10 & 7.14A). 

From 11 149 to 11 075 cal. yr BP, bed slope direction changes from normal to adverse, 

which coincides with a spike in terrain roughness (FIGURE 7.14D & E). As bed slope 

direction is normal, retreat rates at decadal to centennial timescales slow and then 

speed up at the point of transition to adverse (FIGURE 7.14A & E). Retreat rate then 

decreases again as bed slope direction begins to level. This suggests that the alternation 

between normal to adverse, along with the spike in terrain roughness, may have acted 
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as a pinning point to stabilise the ice margin. As the ice margin retreated past this point, 

retreat rates increased. At annual timescales, greater fluctuations in retreat rate appear 

to coincide with increased water depths and smoother terrain, illustrating an acute 

responsiveness to more favourable retreat conditions.  

7.5.2.5 10 999 – 10 901 cal. yr BP 

Retreat rate overall continues to increase during this time period and is characterised by 

dramatic fluctuations at annual timescales (FIGURE 7.14A). At this stage, temperatures 

remain relatively high, and water depth continues to increase at a more rapid rate 

(FIGURE 7.14C & B). Terrain is smooth during this time period, characterised overall by 

an adverse bed slope (FIGURE 7.14D & E). Whilst sustained high temperatures provide 

favourable conditions to facilitate retreat; given the similarities of increasing trajectory 

between retreat rate, water depth, and bed slope direction (FIGURE 7.14A, B & E), it is 

reasonable to infer that water depth and terrain are the most dominant controls driving 

retreat during period. Annual fluctuations in retreat rate are most notable during this 

period, increasingly so from the previous time segment. Whilst some of the spikes in 

retreat rate may coincide with limited DGM evidence; water depth and bed slope 

direction show strong increases during this time period, suggesting that some of the 

fluctuations are a true insight from the date. This illustrates how increased water depths 

and adverse bed slopes can elicit a highly dynamic response ice margin retreat. The 

specific functions of water depth and bed slope are discussed in more detail below 

(section 7.5.2.6).  

7.5.2.6 Grounding line forcing mechanisms 

As highlighted previously, temperature is lowest during time period 11 530 – 11 350 cal. 

yr BP, which continues to decrease from ~11 500 to 11 400 cal. yr BP, and then returns 

to period of warming (FIGURES 7.10C & 7.14C). The period of decreased temperatures 

appears to correspond with the estimated timings of the Preboreal Oscillation (PBO) ~11 

500 – 11 150 cal. yr BP (Fisher et al., 2002; Björck et al., 1998; Rasmussen et al., 2007), 

which spatially coincides with Salpausselkä III and beyond, in direction of deglaciation 

(FIGURE 7.10). This is important as it has previously been questioned whether the PBO 

should be attributed to the formation of Salpausselkä III, or whether it should be 

attributed to the formation Salpausselkä II as a delayed readvance from the YD 
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(Strömberg, 2005). The data provides evidence to support that Salpausselkä III likely 

denotes the PBO event (FIGURE 7.10A & C). 

The significance of water depth as a driver of retreat has been shown in previous 

studies whereby Batchelor et al. (2023) observed rapid, tidally induced, buoyancy driven 

retreat rates of up to 610 m/day-1. It should be noted that calving rates are an order of 

magnitude greater in tidewater compared to freshwater environments (Benn et al., 

2007; Boyce et al., 2007; Warren et al., 1992; Warren et al., 2001; Warren & Kirkbride, 

2003); nevertheless, a positive correlation with water depth and retreat rate is observed 

across the study area, resulting in high-magnitude retreat rates (e.g. > 1 000 m/yr-1) 

(FIGURE 7.12); a similar relationship to that found by Ojala (2016).  

Whilst water depth is considered to be an important control on calving processes 

(Warren et al., 2001), this relationship is suggested to be a more complex interplay 

between ice thickness vs water depth (Van der Veen, 1996 & 2002). Whilst tidally 

influenced buoyancy stresses are irrelevant in our study area due to minimal tidal flexure 

and wave action in the Baltic Sea basin; when considering calving dynamics at 

freshwater termini, the results may be reflective of buoyancy-driven hinge-calving 

caused by surface thinning, which allows the ice margin to reach flotation thickness. This 

flotation can create an upward bending moment at the margin resulting in calving (Benn 

et al, 2007; Boyce et al., 2007; Van der Veen, 1996 & 2002; Vieli et al., 2001; Warren et 

al., 2001). The magnitude of such calving is, however, dependent on how quickly upward 

bending stresses are imposed and whether they are subsequently relaxed by ice creep 

(Boyce et al., 2007).  

Undercutting by subaqueous melting is another factor also attributed to increased 

calving at freshwater termini (Benn et al., 2007; Kirkbride & Warren, 1999; Mallalieu et 

al., 2020; Purdie & Fitzharris, 1999; Warren & Kirkbride, 2003; Haresign & Warren, 

2005). The combination of increased surface thinning and subaqueous melting would 

account for the positive correlations between increased temperatures, greater water 

depths and increased rates of retreat (FIGURES 7.10A, C & D, 7.11A, B & C & 7.14A, B & 

C). Other calving controls should also be considered such as sedimentation and 

topographic pinning points that may reduce calving (Benn et al., 2007; Boyce et al., 

2007; Vieli, 2001 & 2002; Warren et al., 1992). Calving controls imposed by bedrock 
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topography have been observed in DGM internal architecture in the Kurajoki, Porkka 

region of southwest Finland (see chapter 6; Rivers et al., 2024), thus reinforcing the 

connection between DGM morphology and ice margin characteristics. Whilst some of 

the large spikes observed in retreat rate (FIGURE 7.14A) may be attributed to lack of DGT 

evidence and/or subjectivity of individual DGM designation, they may also be 

representative of significant calving events. This is particularly noticeable in segment 5, 

10 999 – 10 901 cal. yr BP (FIGURE 7.14A).  

The interplay between surface thinning due to increased temperatures, greater water 

depths and topography may be the reason that a strong statistical correlation between 

retreat rate and individual variables alone cannot be seen (FIGURE 7.8); rather the 

results reflect the processes from the variables combined. The results show that 

irregular DGMs may have the potential to inform us of calving dynamics (e.g. a greater 

abundance of irregular DGMs in areas characterised by greater water depth); however, 

more thorough investigations of irregular DGMs should be undertaken to accurately 

ascertain how calving processes specifically relate to irregular DGM formation.   

The results from this study show that smooth, shallow-gradient bed topography 

facilitates increased rates of retreat (segments 4 & 5, FIGURES 7.10A & D, 7.11A, B & E 

& 7.14A, B & E). This is congruent with previous studies that have observed accelerated 

retreat rates across similar shallow-gradient bed topography, due to less stability 

provided by friction and knickpoints, and enhanced buoyancy effects (Batchelor et al., 

2023; Catania & Felikson, 2022; Roman et al., 2024). Whilst the terrain in southwest 

Finland is relatively shallow gradient, the influence of bed slope direction can still be 

observed whereby slower retreat rates coincide with areas of normal bed slope direction 

and increase over areas of adverse bed slope direction. The influence of adverse bed 

slopes on retreat rate alludes to the issue of MISI (see section 7.1), and illustrates how, 

in the case of this study, shallow-gradient, adverse bed slope topography, can result in 

very rapid retreat rates (~500 – 2 000 m/yr-1 time segment (5); FIGURE 7.14). The rapid 

retreat rates from this study are consistent with contemporary observations from the 

Peterman Glacier, Greenland, whereby rates of 1 250 m/yr-1 were observed along a 

retrograde bed grounded 500 m below sea level (Millan et al., 2022). Similar rapid pulses 

of retreat have also been observed at Thwaites Glacier, West Antarctica whereby rates 
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of >2 100 m/yr-1 were observed as the grounding zone migrated past stabilising high 

points (Graham et al., 2022).  

Whilst topography alone is unlikely to be a dominant control of ice margin retreat 

(Greenwood et al., 2021), this study demonstrates how topographic characteristics and 

sufficient water depths combined can lead to a highly unstable ice margin, and highlight 

the potential vulnerability associated with adverse, shallow-gradient beds. The data 

from this study could be used to test and model retreat rates based on various water 

depths relative to bed slope gradients to more accurately establish the magnitude and 

scale of grounding line forcing based on the relationship between these two variables. 

Whilst some observations and inferences have been made regarding topographic 

influences on retreat rates, it should be reiterated that the terrain across southwest 

Finland is generally low gradient, with relatively little change in relief and slope. As such, 

whilst the data demonstrates that shallow-gradient smooth topography contributes to 

increased retreat rates (FIGURES 7.10A & B, 7.11A, D & E & 7.14A, D & E), it is difficult 

to quantify the strength of this forcing mechanism due to minimal change in this 

variable. Given that ice sheet sensitivity to topographic controls increases with 

deglaciation and thinning (Åkesson et al., 2018; Benn & Evans, 2010), it would be 

valuable to apply the method demonstrated in this study to other areas of more variable 

topography to assess the extent to which bed slope controls retreat rates at annual 

timescales. This would provide more robust information when considering topographic 

influences on contemporary ice masses.  

7.5.3 Precision & limitations 

The availability of DGT evidence determines whether, and how accurately, ice margin 

retreat can be reconstructed. For example, in segments 1 & 2 (FIGURE 7.5), DGT is 

abundant and comprises largely regularly spaced prominent ridges, resulting in a well 

constrained ice margin. In the central part of the study area, however, (segment 3 & 4, 

FIGURE 7.5), DGT becomes sparse resulting in a more subjective ice margin. 

Nevertheless, the ability to anchor the designated individual DGMs to the established 

annual clay-varve chronology (Strömberg, 2005), without imposing significant distortion 

to the overall pattern and configuration of the reconstruction (FIGURE 7.6), confirms 

that any subjectivity in this study has not resulted in unrealistic results.  
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Regarding availability of DGM evidence, in this study, some of the spiked increases in 

retreat rate coincide with limited DGM data and therefore interpretations should be 

taken with care. Nevertheless, based on comparability with contemporary studies, the 

interpretations made are not implausible and are likely representative to a reasonable 

extent.  

When DGMs appear as regularly spaced prominent ridges, they are considered to be 

a true reflection of annual rates of ice margin retreat, as suggested in previous studies 

(Bouvier et al., 2015; De Geer, 1940; Larsen et al., 1991; Lindén & Möller, 2005; Möller, 

1962; Rivers et al., 2024; Sinclair et al., 2018; Zilliacus, 1981). The results from this study 

support the concept of annual cycles for the formation of prominent DGMs, whereby 

DGM-derived isochrones are well constrained and correspond easily with the local clay 

varve chronology (e.g. FIGURES 7.3, 7.4, 7.5 & 7.6; segments 1 & 2). When considering 

the presence of irregular DGMs, these are considered to be reflective of inter-seasonal 

ice margin retreat patterns (e.g. periods of summer retreat/calving), as suggested in 

previous studies (Bouvier et al., 2015; Frödin, 1916; Lindén & Möller, 2005; Möller, 

1962; Rivers et al., 2024); however, DGM formation controls must also be considered. If 

sediment availability is low, winter readvance is minimal, and postglacial reworkings are 

strong, ‘prominent’ annual DGMs may be difficult to distinguish from smaller, irregular 

DGMs. For these reasons, in areas of DGT comprising irregular ridges, annual isochrones 

may still be designated (the number of which can be informed by local varve 

chronology); however, this inevitably introduces a degree of subjectivity to the 

reconstruction.  

In this reconstruction, errors are bounded between successive clay-varve sites 

(FIGURE 7.3), and comparisons with existing reconstructions (FIGURES 7.6 & 7.7) (e.g. 

Stroeven et al., 2016) provide some quality control to check the plausibility of 

designated DGMs. Given that an annual ice margin reconstruction has been developed 

across southwest Finland showing good correspondence with local clay-varved 

chronologies and existing reconstructions, this provides very strong evidence to support 

that DGMs can be utilised as annual ice margin retreat indicators. Inter-seasonal DGMs 

in areas of more complex DGT cannot be overlooked however, and in some instances 
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these ridges must be integrated and designated as annual ice margin indicators but 

characterised by a greater uncertainty. 

7.6 Conclusions 

This chapter demonstrates the utility of DGMs as annual ice margin geochronometric 

indicators across the southwest Finnish sector of the FIS. A significantly improved 

delineation of configuration, pattern and rate of ice margin retreat across the study area 

is presented, along with assessments of the strength of grounding line forcing 

mechanisms, temperature, water depth and topography. 

The results show that there is no single forcing mechanism driving retreat across the 

study area. Instead, it is found that different combinations of forcings dominate through 

time driven by climate, bed slope, water depth, and to a small degree, terrain roughness. 

The results show that ice retreat rate is suppressed between 11 615 – 11 300 cal. yr BP, 

which appears to coincide with the estimating timings of the PBO. The results show 

water depth to be a significant driver of ice margin retreat whereby greater water 

depths, facilitated by smooth, shallow-gradient topography, result in enhanced calving 

and ice margin retreat due to buoyancy-driven hinge-calving mechanisms. The role of 

topography in this study demonstrates how less resistance at the bed-ice interface and 

less stability provided by topographic highs and pinning points enhances ice margin 

retreat. Significantly, the results reflect the interconnected processes, and evolution in 

strength, between temperature, water depth and topography. 

The DGM-derived reconstruction provides valuable insights into the spatiotemporal 

properties of ice margin retreat and characteristics. At an annual resolution, sub-ice lobe 

scale glacier-terminus changes can be reconstructed, which is important for 

understanding glacial dynamics, e.g. stepwise retreat of the grounding line. In addition, 

the preservation of DGT means that the shape and configuration of the ice margin can 

be delineated very precisely. This is important for local studies of deglaciation and 

shoreline processes. In addition, this study provides additional evidence for deciphering 

the history of the Baltic Sea level, since the onset of DGMs in the study area mark the 

ice sheet position when drainage to the Yoldia sea level occurred. Moreover, this work 

demonstrates that with an annual DGM-derived reconstruction, interplay between 

grounding line forcing mechanisms can be observed and the strength and evolution of 
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individual mechanisms can be quantified over space and time. As such, DGM-derived 

reconstructions can improve understanding of grounding line forcing mechanisms of 

former ice sheets and use this information to better predict changes in contemporary 

ice sheets. 
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Chapter 8: Discussion 

This chapter synthesizes the results outlined in chapters 5-7 and discusses these in the 

context of the research questions outlined in chapter 1 (sections 1.2.1 & 1.2.2; and 

reiterated below); specifically focusing on the formation of DGMs, their temporal 

dynamics, and their role in reconstructing ice margin positions and rates of retreat. The 

discussion is structured to address each research question in turn, beginning with a 

short, bulleted summary of key findings respectively. Limitations and directions for 

future research are also discussed. 

8.1 Research questions 

RQ1) How do DGMs form, and how do they reflect the position of ice margins? 

RQ2) At what timescales do DGMs form? 

RQ3) How does increasing spatial and temporal resolutions of ice sheet 

reconstructions help to improve the current understanding of ice sheet retreat 

rate and grounding line processes? 

8.2 Research objectives 

RO1) Constrain DGM formation processes via triangulation of morphometric, 

sedimentological, and geophysical datasets. 

RO2) Constrain the timescale of DGM formation by comparing established varve 

chronologies to DGM distribution. 

RO3) Produce a refined palaeo-ice marginal reconstruction at very high 

spatiotemporal resolutions based on the quantification of, and reconciliation 

between, geomorphological evidence and geochronological/palaeo-climate 

records.  

8.3 RQ1: How do DGMs form, and how do they reflect the position of ice margins? 

This research question was addressed through the undertaking of research objective (1), 

specifically, investigating DGM morphometry via remote sensing methods (chapter 5) 

and investigating internal architecture via sedimentological and geophysical analyses 

(chapter 6).  

 



 
 

203 
 

8.3.1 Key morphometry & spatial distribution findings (chapter 5): 

• DGMs are generally lower amplitude, more sinuous and more asymmetric in 

profile compared to CSRs. 

• The asymmetry, sinuosity and lateral discontinuity of DGMs provide evidence to 

support a unidirectional push process at the ice margin, rather than crevasse 

infilling. 

• CSRs present as generally straight landforms with symmetric profiles, reflecting 

deposition within basal crevasses. Variable morphology along individual CSRs 

likely reflects the shape of the hosting crevasse in which material was deposited. 

• Comparisons between prominent and intermediate DGMs show prominent 

DGMs to be slightly greater in length and width, and slightly more asymmetric in 

profile. 

• Morphometry alone does not provide enough evidence to elucidate any 

differences in formation properties between prominent and intermediate DGMs.  

• DGM morphometry varies over wide spatial areas, likely reflective of 

environmental factors such as sediment/meltwater availability, topography, 

water depth, and ice thickness.  

• DGT (e.g. larger fields of DGMs) can be classified into three subtypes; i) regularly 

spaced prominent DGMs only, ii) regularly spaced prominent DGMs interspersed 

with irregularly spaced intermediate DGMs, and iii) only irregularly spaced 

intermediate DGMs. 

8.3.2 Key internal architecture findings (chapter 6): 

• The internal architecture of DGMs supports formation at the grounding line 

whereby proximal sides are characterised by laminae, stratification, and thrust 

plane structures, and distal sides comprise poorly consolidated diamicton and 

reworked sediments from proglacial water currents. The proximal to distal 

differences are indicative of unidirectional push processes at the ice margin, 

congruent with inferences derived from the morphometry results (chapter 5). 

• Generally, prominent and intermediate DGMs comprise the same internal 

architecture, reflecting similar formation processes; however, prominent DGMs 

present stronger push deformation structures compared to intermediate DGMs, 
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whereas intermediate DGMs comprise larger lower glaciofluvial units compared 

to prominent DGMs.  

• The slight differences in internal architecture between prominent and 

intermediate DGMs suggest seasonal variability during formation, whereby 

prominent DGMs are suggested to form during winter readvances and 

intermediate DGMs are suggested to form during periods of summer retreat. 

This interseasonal variability highlights the importance of identifying, 

differentiating between, and integrating, different DGM-subtypes when 

considering utility as ice margin geochronometric indicators. 

The uncertainties surrounding DGM formation has presented challenges when 

attempting to position these landforms in a wider ice sheet context and has limited their 

use for understanding ice sheet dynamics. The two dominant formation hypotheses are 

i) formation via push at the grounding line of a subaqueous ice margin (Aartolahti et al., 

1995; Blake, 2000; Bouvier et al., 2015; Borgström, 1979; Dix & Duck, 2000; Finlayson et 

al., 2007; Golledge & Phillips, 2008; Larsen et al., 1991; Lindén & Möller, 2005; Smith, 

1982; Smith & Hunter, 1989), and ii) formation via basal sediment squeeze-up into basal 

crevasses (e.g. crevasse-squeeze ridges (CSRs) (Beaudry & Prichonnet, 1991 & 1995; 

Sharp, 1985; Strömberg, 1965; Zilliacus, 1989) (see section 2.4.1). If DGMs form at the 

grounding line, they would provide information relative to ice margin retreat processes 

and grounding line forcing mechanisms; if they form within basal crevasses, they can 

provide information relative to subglacial hydrology, pressure and stress regimes. These 

two dominant formation ideas present difficulties when differentiating between DGMs 

and CSRs. Whilst many studies generally lean toward DGM formation at the grounding 

line (Aartolahti et al., 1995; Blake, 2000; Bouvier et al., 2015; Borgström, 1979; Dix & 

Duck, 2000; Finlayson et al., 2007; Golledge & Phillips, 2008; Larsen et al., 1991; Lindén 

& Möller, 2005; Smith, 1982; Smith & Hunter, 1989), uncertainty has still prevented 

accurate integration and utility within ice sheet reconstructions.  

The morphometry results presented in chapter 5 capture and quantify morphometric 

differences between DGMs mapped in southwest Finland and CSRs mapped in 

Northwest Territories, Canada (TABLES 5.1, 5.2, 5.3, 5.4 & 5.5; FIGURES 5.5, 5.6, 5.7 & 

5.8). DGMs were generally found to be lower amplitude, slightly more sinuous and often 

asymmetric in profile. In contrast, CSRs were found to be relatively straight, greater in 
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width and height, and symmetric in profile. In addition, individual CSRs were found to 

be more variable across the length of individual landforms compared to DGMs, often 

widest centrally and narrowing laterally (FIGURE 5.6C). It should be reiterated that CSRs 

were found to be greater length compared to DGMs; however, this is likely due to lateral 

discontinuity of DGMs from postglacial reworking and ice margin properties during 

formation. As such, these findings are more reflective of mapping strategies rather than 

a true observation of the data. The asymmetric characteristics of DGMs suggest a 

unidirectional push process occurring at the ice margin (Blake, 2000; Finlayson et al., 

2007; Golledge & Phillips, 2008; Linden & Moller, 2005; Ojala et al., 2015). This is further 

supported by sinuous and laterally discontinuous characteristics which likely reflect the 

shape and configuration of the ice margin during the time of formation (Aartolahti, 

1972;  Lindén & Möller, 2005; Ottesen et al., 2008). In contrast, the variable size of CSRs 

observed across individual landforms, in conjunction with the straight and symmetric 

properties, likely reflect the shape of the hosting crevasses in which sediments are 

deposited (Evans et al., 2016; Price & Whillans, 2001; Whillans & van der Veen, 2001). 

As such, the quantified morphometric characteristics from this study can be used for  

distinguishing between DGM and CSR landform groups, and to provide evidence for 

positioning DGMs at the ice margin of ice sheets. 

Concerning landform differentiation, care should be taken when identifying 

landforms based on generalised morphometric differences. For example, the 

asymmetric characteristics of DGMs are reported in previous studies; however, 

symmetric properties have also been observed (Hoppe, 1959; Golledge & Phillips et al., 

2008; Ojala et al., 2015). As such, a single morphometric parameter should not be used 

as a sole identifier of DGMs or means of differentiation from CSRs. Instead, landform 

identification and differentiation should be based on several morphometric attributes 

combined with other characteristics such as spatial distribution and environmental 

parameters (Chandler et al., 2018). 

In addition to comparisons between DGMs and CSRs, DGMs were also subdivided 

into regularly spaced ‘prominent’ ridges and irregularly spaced ‘intermediate’ ridges and 

analysed for similarities/differences (see section 5.6.7). The results show prominent 

DGMs to be longer, wider and slightly more asymmetric in profile compared to 

intermediate DGMs. Generally, height and sinuosity are similar between the two DGM 

https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib15
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib45
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib45
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib49
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib70
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib80
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib1
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib1
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib70
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib83
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib40
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib88
https://www.sciencedirect.com/science/article/pii/S0277379123004316#bib118
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sub-types, although intermediate DGMs tend to show more variability in sinuosity 

compared with prominent DGMs. Prominent and intermediate DGMs can generally be 

distinguished by observing spatial pattern and distribution relative to one another; 

however, more detailed quantified morphometrics are valuable when spatial 

observations become more problematic due to factors such as postglacial reworking, 

sediment availability and ice margin dynamics. For example, if sediment availability is 

low, postglacial reworking is high, and the pushing capacity of the ice margin is minimal, 

prominent DGMs may appear smaller and similar to intermediate DGMs (Aartolahti, 

1972). The observable differences in spatial distribution and morphometry between 

prominent and intermediate DGMs present uncertainties regarding formation 

processes. For example, it could be that intermediate DGMs form via similar processes 

to prominent DGMs at the grounding line, or via alternative processes, such as crevasse 

infilling up-ice behind the grounding line. Given the morphological similarities between 

the two DGM sub-types, the balance of probability suggests that they are formed via 

similar processes at the grounding line; however, observations of internal architecture 

are required to confirm this and are discussed below.  

The sedimentological and geophysical investigations presented in chapter 6 allowed 

the internal architecture of DGMs to be more thoroughly investigated to better 

understand the formation of DGMs. In addition, these investigations enabled detailed 

comparative analyses between prominent and intermediate DGMs allowing mode of 

formation to be linked with morphometric characteristics. The general architecture of 

the investigated DGMs present a multi-phase structure with lower units representing 

subglacial traction till and ice marginal infill deposits, truncated by a larger prominent 

push unit, which is then successively deformed via the overriding of active ice (see 

section 6.5.1). The studied DGMs show notable differences between proximal and distal 

sides, with proximal sides characterised by laminae, stratification and thrust planes, and 

distal sides characterised by poorly consolidated diamicton and proglacial water current 

reworkings. These proximal-distal differences provide very strong evidence to support 

that DGMs are formed at the ice margin via unidirectional push processes (Lønne & 

Nemec, 2011).  

The comparisons between prominent and intermediate DGMs across a number of 

different locations show that generally internal architecture is similar, thus reflecting 
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similar formation processes; however, slight differences can be observed in the height 

and prominence of the lower sediment Unit 2 (FIGURES 6.5 & 6.9; section 6.5.1) which 

comprises glaciofluvial material, and is interpreted as being deposited either at, or 

behind the grounding line in crevasses, or via distributed or channelised subglacial flow. 

Deformation structures are also observed in this unit, likely caused by exerted stress 

from moving ice. This unit appears larger within the observed intermediate ridges. In 

addition, thrust plane structures within upper units tend to correlate with amplitude 

whereby larger prominent DGMs show stronger push deformation structures. This is 

congruent with the morphometric observations outlined in chapter 5 whereby larger 

prominent DGMs show greater asymmetry compared to smaller intermediate DGMs. 

The differences observed between prominent and intermediate DGMs are interpreted 

to reflect inter-seasonal differences during formation which is illustrated in the bi-

seasonal formation model presented in section 6.5.2 (FIGURE 6.18). This model shows 

that prominent DGMs are formed during a winter readvance, thus resulting in strong 

push characteristics, whereas intermediate DGMs are formed during summer retreat, 

which is supported by evidence of larger glaciofluvial units due to higher melt and less 

pushing structures due to the margin being in a state of retreat.                              

The spatial pattern and distribution of DGMs is a key attribute in which DGM land 

assemblages can be identified; namely, a series of regularly spaced, elongated ridges, 

oriented transverse to former ice flow direction, generally resembling a ‘washboard-like’ 

appearance (FIGURES 2.10 & 5.1) (De Geer 1889 & 1940; Hoppe 1959; Benn & Evans 

2010; Ojala et al. 2015; Ojala 2016). As previously highlighted, morphometry of 

individual DGMs can vary across wide spatial areas (e.g. DGMs in northwest of SW 

Finland are larger compared with ridges in the southeast); however, the spatial pattern 

and distribution of ridges can also vary between different areas of DGT. This can be 

understood when distinguishing between regularly spaced prominent DGMs, and 

irregularly spaced, intermediate DGMs. Generally, DGT configuration can be sub-

classified as; 1) only regularly spaced prominent ridges, 2) regularly spaced, prominent 

ridges, interspersed with irregularly spaced, intermediate ridges, and 3) only irregularly 

spaced intermediate ridges (FIGURE 6.2). These variations correspond with the findings 

presented in chapter 6, whereby regularly spaced prominent ridges represent annual 

cycles of winter readvance, and irregularly spaced intermediate ridges represent the ice 
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margin during periods of summer retreat. This means that variations in DGT 

configuration may inform us of inter-seasonal ice margin dynamics as well as rates of ice 

margin retreat. As such, it is important to be able to identify and distinguish between 

the two DGM sub-types as they present different implications for ice margin 

reconstructions.   

When considering different DGT configurations, the extent to which regularly spaced 

prominent ridges can be easily identified ultimately determines the level of confidence 

to which an annual signal can be estimated. The presence of intermediate ridges 

introduces a degree of uncertainty; however, the utility of these ridge types is also 

important for the purposes of ice margin reconstructions as some intermediate ridges 

may also represent annual ice margin positions. The morphology and prominence of a 

ridge is determined by sediment and meltwater availability, topography, water depth, 

the pushing capacity/thickness/geometry of the ice margin, and postglacial reworking 

(Aartolahti, 1972; Barr & Lovell, 2014; Bennett, 2001; Lønne & Nemec 2011; Lukas, 

2012; Ojala, 2016; Rettig et al., 2023; Simkins et al., 2018); therefore if the ice margin is 

in a constant state of retreat and instability, a large prominent DGM formed by ice 

margin readvance may not be identifiable.  As the ice margin thins and continues to 

retreat, the size of ridges will reflect this. This can be seen in section 5.5.4.2, FIGURE 5.7, 

whereby DGM morphometry and configuration varies across southwest Finland with 

wider more regularly spaced DGMs observed in the southwest and taller more 

irregularly spaced DGMs observed in the northwest. As such, in areas of more complex 

DGT, an annual signal may not be easily identifiable by visual observations alone and 

may require a reliance on local clay-varve chronologies to provide a means of estimation. 

Moreover, DGT is not ubiquitous (as can be observed central to southwest Finland 

(FIGURE 7.1)) and formation may only occur if environmental parameters and ice margin 

dynamics are favourable. This presents additional challenges when estimating 

continually successive rates of retreat. 

8.4 RQ2: At what timescales do DGMs form? 

8.4.1 Key findings (chapters 6 & 7) 

• Previous studies largely acknowledge that DGMs are to some extent annual 

formations; however, uncertainties arise due to ‘additional ridges’ being present 
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when attempting to correlate with annual chronologies. These ‘additional ridges’ 

likely represent intermediate DGMs that are formed during periods of summer 

retreat. 

• A strong correspondence is observed between prominent DGMs in southwest 

Finland and the established local clay-varved chronology (Strömberg, 2005). In 

areas more abundant with intermediate DGMs, a more subjective designation of 

‘annual DGMs’ is employed, guided by the local clay-varved chronology. 

• The observed bi-seasonal signals within DGT are congruent with the proposed 

model of prominent DGMs forming during winter readvances and intermediate 

DGMs forming during periods of summer retreat (chapter 6).  

• The temporal evidence, along with the evidence from morphometric analyses 

(chapter 5) and internal architecture (chapter 6), resolve the ambiguities 

regarding DGM spatiotemporal formation properties (RQs 1 & 2), whereby 

DGMs are formed bi-seasonally at the grounding line of water-terminating ice 

margins. 

Many studies acknowledge that DGM formation may, to some extent, occur at an 

annual periodicity (De Geer 1940; Ojala, 2016; Möller 1962; Zilliacus 1981; Larsen et al. 

1991; Lindén & Möller 2005; Bouvier et al. 2015; Sinclair et al. 2018); however, often a 

greater number of ridges are observed compared to the number required by 

independent chronologies (Hoppe 1959; Lindén & Möller 2005; Möller 1962; Sollid 

1989; Zilliacus 1981, 1989). As highlighted in section 6.5, these ‘additional ridges’ are 

likely irregularly spaced intermediate DGMs, that represent summer season formations, 

rather than winter readvance formations.  

 The comparisons between DGMs in southwest Finland and the local clay-varved 

chronology (Strömberg, 2005) show good correspondence between the number of 

observed DGMs and the number required by the varve chronology; however, the quality 

of correspondence was dependent on DGT configuration (see chapter 7). In areas of 

only regularly spaced prominent DGMs, ridge occurrence corresponds very well with 

successive dates between clay-varve sites, thus delineating a well-constrained annual 

signal. In areas of more complex DGT (e.g. a greater number of irregularly spaced 

intermediate DGMs), confidence levels decreased and designated DGMs (the number 

of which was guided by the clay-varve chronology) became more subjective (section 



 
 

210 
 

7.3.2, FIGURE 7.2). Nevertheless, an annual DGM pattern connected to the local annual 

clay-varved chronology was successfully defined across the entire study area (sections 

7.3 & 7.4, FIGURES 7.3 & 7.5).  

Comparisons with the highest-resolution ice margin reconstruction in the area (e.g. 

100-year; Stroeven et al., 2016) showed strong similarities between overall pattern and 

shape, providing a reasonable measure of accuracy for the results. As such, building on 

the findings derived from the morphometric (chapter 5) and internal architecture 

investigations (chapter 6), the high-level of correspondence between the local clay-

varved chronology and DGM occurrence in areas of well-preserved prominent ridges, 

along with the ability to successfully estimate an annual signal amongst irregular 

intermediate DGMs, provide very strong evidence to support the suggested bi-

seasonality of DGT formation as proposed in section 6.5.2, FIGURE 6.18, thus resolving 

RQ2. 

8.5 RQ3: How does increased spatial and temporal resolutions in ice sheet 

reconstructions help to improve the current understanding of ice sheet retreat rate and 

grounding line processes? 

8.5.1 Key findings (chapter 7) 

• The DGM-derived reconstruction provides a highly nuanced understanding of ice 

margin retreat rate and dynamics in southwest Finland and provides an annual 

refinement of the existing 100-year resolution reconstruction (Stroeven et al., 

2016). 

• The refinement captures significant fluctuations in retreat rate, delineating 

episodic rather than uniform retreat. 

• The DGM-derived reconstruction reveals interconnected controls between 

temperature, water depth and terrain, driving ice margin retreat.  

• Greater fluctuations between annual rates of retreat likely reflect the increasing 

instability of the ice margin as deglaciation progresses and may correspond to 

significant calving events driven by surface ice thinning and increasing water 

depths. 
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• A key benefit of the DGM-derived reconstruction is the ability to delineate 

annual rates of retreat spanning hundreds of years in contrast to contemporary 

ice sheets which are often limited to decadal observations. 

• Rapid retreat rates observed in this study highlight flatbed topography as a key 

vulnerability when considering contemporary ice sheet retreat. 

The estimated annual signal identified by comparisons between DGM occurrence 

and local clay-varved chronology was used to develop an ice margin reconstruction 

across southwest Finland, whereby each ‘annual’ DGM was extended laterally and 

designated as an ice margin isochrone (see chapter 7, FIGURES 7.5 & 7.6). The DGM-

derived reconstruction shows strong similarities between general ice margin 

configuration and pattern of retreat to that of the current highest resolution (100-year; 

Stroeven et al., 2016) in the study area. When comparing rates of retreat, the DGM-

derived reconstruction provides significantly more nuanced detail and greatly improves 

our understanding of ice margin behaviour and retreat dynamics across southwest 

Finland (section 7.4, FIGURES 7.6, 7.7, 7.10, 7.11 & 7.14). In addition, a more accurate 

quantification of retreat rate can be estimated based on the interdistances measured 

between each annually successive DGM isochrone. The more detailed depiction of 

annual fluctuations in retreat distance that can be seen in FIGURE 7.7. In contrast to the 

coarser resolution presented by Stroeven et al. (2016), this illustrates an episodic rather 

than uniform ice margin retreat pattern. The fluctuations depicted in the DGM-derived 

reconstruction infer variability in grounding line controls that can be observed at annual-

centennial timescales. 

The results show that there is no single grounding line forcing mechanism driving 

grounding line retreat across the study area. Instead, the results show interconnected 

dynamics of different controls that evolve through space and time. The drivers analysed 

in this study were, i) temperature, ii) water depth and iii) terrain (e.g. slope/roughness 

and elevation) (section 7.4.1). The interconnected dynamics between temperature and 

water depth is particularly notable whereby temperature is a more dominant driver 

between 11 615 – 11 300 cal. yr BP and as deglaciation continues water depth becomes 

a more dominant driver between from 11 300 cal. yr BP onwards (section 7.4.1, FIGURES 

7.8, 7.9, 7.10, 7.11 & 7.14). The variability in driving mechanisms coincide with DGT 

configuration, whereby DGMs in the southwest of the study area are prominent and 
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regularly spaced, concomitant with temperature as a dominant control; in contrast to 

DGMs in the northwest of the study area, that are more irregularly spaced as water 

depth increases. 

As described in sections 7.4.1 & 7.5.2, the relationships between temperature, water 

depth and grounding line retreat are complex and likely reflect processes of buoyancy-

driven hinge-calving. This is caused by surface thinning due to increased temperatures 

which allows the ice margin to reach flotation thickness, creating an upward bending 

moment and inducing calving (Benn et al., 2007; Boyce et al., 2007; Warren et al., 1992; 

Warren et al., 2001; Warren & Kirkbride, 2003; Van der Veen, 1996 & 2002; Vieli et al., 

2001). Each of these factors, combined with a relatively low-gradient, smooth bed 

topography promote enhanced calving (Batchelor et al., 2023; Benn et al., 2007; Boyce 

et al., 2007; Catania & Felikson, 2022; Roman et al., 2024; Vieli, 2001 & 2002; Warren 

et al., 1992).  Whilst the DGM-derived reconstruction delineates a general increase in 

retreat rate across the study area (similar to that shown by Stroeven et al., 2016) 

coinciding with increasing temperatures and water depths, the same can also be 

observed when assessing the extent of annual fluctuations in retreat rate (section 7.4.1, 

TABLE 7.1; FIGURES 7.7 & 7.11). From 11 300 cal. yr BP, annual fluctuations in retreat 

rate become greater and more dynamic, reflecting the increasing instability of the ice 

margin as deglaciation continues. As such, the greater fluctuations in retreat rate that 

can be observed in FIGURE 7.14 may denote significant calving events. 

Considering comparability with contemporary ice sheets, studies of retreat rates 

across Thwaites Glacier in West Antarctica have been shown to range between > 2 100 

m/yr (Graham et al., 2022) to ~300 m/yr (Milillo et al., 2019); however, palaeo-studies 

of grounding line landforms on the seafloor at the Larson continental ice shelf, western 

Weddell Sea, have also revealed estimated retreat rates of > 10 000 m/yr (Dowdeswell 

et al., 2020). Retreat rates of ~95 m/yr have been observed at Pine Island Glacier, 

Antarctica (Park et al., 2023); ~50 m/yr at Milne Glacier, northern coast of Ellesmere 

Island, Canada (Antropova et al., 2024);  250 m/yr at Denman Glacier, East Antarctica 

(Brancato et al., 2020); and rates of up to ~240 m/yr have been observed at Petermann 

Glacier, Greenland (Millan et al., 2022). The DGM-derived reconstruction presented in 

chapter 6 shows similar variability in retreat rates ranging between 52 and 2 773 m/yr, 

with a mean average of 333 m/yr. The observed ranges in retreat rate are considerable 
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and highlight the importance of understanding the forcing mechanisms that drive such 

variability.  

Several factors can influence rates of ice margin retreat, such as: climate, terminus 

environment (e.g. terrestrial, lacustrine, marine), proglacial water depth and 

temperature, interactions and configuration at the ice-bed-ocean interface (e.g. basal 

cavities, intrusion of warm seawater beneath the ice), topography, surface and basal ice 

melt, subglacial hydrology and pressure regimes (Baumhoer et al., 2021; Benn & Evans, 

2010; Clark et al., 2012 & 2021; Jones et al., 2021; Pollard et al., 2015; Post et al., 2021). 

Many of these factors are entangled and susceptible to amplifying feedback cycles 

(Albrecht et al., 2024; Fyke et al., 2018; Li et al., 2024; Ren & Leslie, 2011). This can be 

seen in the DGM-derived reconstruction whereby interconnected relationships 

between temperature, water depth and topography govern grounding line retreat 

(chapter 7; FIGURES 7.11 & 7.14).  

Bed topography is an important, albeit complex, control of ice margin retreat (Benn 

& Evans, 2010; Catania & Felikson, 2023; Goodship & Alexanderson, 2020; Greenwood 

et al., 2021; Jones et al., 2021; Knight, 1999; Post et al., 2021) and is particularly notable 

when considering Marine Ice Sheet Instability (MISI), the concept whereby when bed 

topography is retrograde (e.g. sloping downward in an up-ice direction), the grounding 

line is unstable and predisposed to rapid retreat  (Pattyn, 2018; Schoof, 2007; 

Weertman, 1974). The results from this study showed increased retreat rates facilitated 

by topography in southwest Finland, due to smooth, shallow-gradient bed 

characteristics that likely promoted enhanced buoyancy and less basal friction due to a 

lack of stabilising bed features. Similar rapid retreat rates across flat, shallow-gradient 

beds have been reported in previous studies (Batchelor et al., 2023; Dowdeswell et al., 

2020). This highlights that whilst some studies demonstrate the potential vulnerabilities 

associated with retrograde bed slopes (Gandy et al., 2018; Hill et al., 2023; Schoof, 2007; 

Sergienko & Wingham, 2022; Reese et al., 2023); flat/shallow-gradient bed topography 

must also be considered as a key vulnerability when assessing contemporary ice sheet 

retreat. As such, it would be valuable to utilise the information from this study within 

numerical models to investigate the magnitude of influence from flatbed topographies 

relative to annual rates of retreat and identify key areas of vulnerability across 

contemporary ice sheets. Furthermore, a key advantage of this study is that whilst 
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contemporary studies can observe annual rates of retreat, these can often be limited to 

decadal, sometimes monthly timescales (Antropova et al., 2024; Brancato et al., 2020; 

Graham et al., 2022; Millan et al., 2022; Milillo et al., 2019; Park et al., 2013; Rignot, 

1998; Rignot et al., 2014; Schmidt et al., 2023). In contrast, this study provides an annual 

record of retreat spanning several hundreds of years, offering a more robust dataset for 

utility within numerical models to develop deglaciation simulations.  

8.6 Limitations 

Upon conducting this study, limitations have been assessed and outlined below: 

8.6.1 Methodological challenges 

• The utilisation of DGMs as ice margin indicators requires a careful approach 

when considering which DGMs to designate as ‘annual’. This is particularly 

pertinent in areas of complex DGT (e.g. fields of combined prominent and 

irregular ridges, and fields of only irregular ridges). The greater presence of 

irregular ridges increases uncertainty with respect to the reconstruction outputs.  

• The study area spans a width of ~125 km, as such, laterally extending and 

adjoining discontinuous DGMs across large distances poses the risk of  ‘spatial 

wandering’ and presents the potential to distort the position and configuration 

of the reconstructed ice margin.  

• A major constraint when developing a DGM-derived ice margin reconstruction is 

that DGT is not ubiquitous. To establish a reasonable ice margin reconstruction, 

DGT must be abundant and individual DGMs must be well-preserved. As such, 

some estimated retreat distances between ‘successive DGMs’ may be over-

estimated due to the absence, or impractical identification of DGM evidence.  

• The second major constraint is anchoring an accurate chronology to constructed 

DGM isochrones. The most obvious and accurate geochronological datasets are 

local clay-varved chronologies, as demonstrated in this study, due to the annual 

resolution. If this study was to be repeated in areas without an established 

annual chronology, alternative methods may be used, such as cosmogenic 

nuclide dating, that can provide an estimated time anchor, and an annual 

chronology can be inferred from this. 
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• Fieldwork in this study was generally successful, and enabled DGMs to be 

sampled in several different locations across SW Finland; however, the study was 

geographically limited and poses issue of representativity from the sampled 

DGMs in contrast with those located further afield. As such, if funding and time 

permitted, a geographically wider field study characterised by a larger sample 

size would be advantageous.  

8.6.2 Analyses & cumulative errors 

• Disparities in resolution between different datasets (e.g. annual clay varve 

chronology, annual DGMs and 20-year average NGRIP) presents challenges when 

attempting to associate the magnitude of impact relative to different drivers of 

retreat. Similarly, the cumulative error between datasets must be considered. A 

systematic approach to the sampling strategy was undertaken as a measure of 

mitigation; nevertheless, these potential errors should be acknowledged. 

• The climate data in this study was derived from the NGRIP temperature records 

(Vinther et al., 2009) and therefore an assumption was permitted that the 

Greenland climate was representative of southwest Finland. This is a reasonable 

assumption to allow, but consideration of this should also acknowledged. 

8.6.3 Implications & comparability   

• When comparing retreat rates observed in this study with those from 

contemporary studies, individual parameters of each glacier must be taken into 

consideration to validate comparability. For example, the southwest Finnish 

sector of the FIS (e.g. the southern Baltic Sea Ice Lobe) was grounded on 

relatively flat, shallow-gradient topography and terminated in the Baltic Ice Lake 

(see section 3.3.1). In contrast, for example, Thwaites Glacier is marine 

terminating, influenced by tidal processes and variable convection dynamics at 

the grounding line interface, and characterised by stabilising ridges at the bed 

(Anselin et al., 2023; Morlighem et al., 2019; Padman et al., 2018; Schmidt et al., 

2023).  As such, direct comparison between rates of retreat may not always be 

appropriate. Nevertheless, insights from this study may be used to inform of 

glacier retreat dynamics across similar environments, e.g. outlets retreating over 

areas of flatter topography, terminating in laterally unconstrained lacustrine 

environments. 
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8.7 Directions for future research 

8.7.1 Expand spatial analysis 

• Identifying key areas of DGT across the entire FIS would be valuable to develop 

a refined ice sheet wide reconstruction. This work may also extend to the 

Laurentide Ice Sheet for example, where DGM evidence is abundant in the 

Hudson Bay area (Josenhans & Zevenhuizen, 1990; Lajeunesse, 2008) and could 

potentially be extended to the margins of the Antarctic and Greenland Ice Sheets 

(Batchelor et al., 2019; Winkelmann et al., 2010). Investigating DGMs in 

contemporary glacial environments would complement the findings from this 

work by strengthening process-form understanding. This would also enable DGM 

comparisons across wider geographical areas and elucidate any unknown 

variations in spatial and temporal properties. 

8.7.2 Investigate calving processes 

• Regarding DGM investigations, most studies have focused on regularly spaced 

prominent DGMs, leaving irregularly spaced intermediate DGMs often 

overlooked and underrepresented, thus highlighting an area for further 

development. This may include developing on the work presented in chapter 6 

(e.g. internal architecture investigations), characterised by a wider geographical 

study area and larger sample size. Furthermore, given the suggested formation 

properties of intermediate DGMs (e.g. formation via calving during periods of 

summer retreat) (chapter 6; Lindén & Möller, 2005), a more thorough 

investigation of intermediate DGMs may offer specific insights regarding calving 

mechanisms, ridge construction and grounding line dynamics (Benn et al., 2007; 

Warren, 1991 & 1992). 

8.7.3 Investigate slope as a grounding line variable 

• The analysis of slope as a grounding variable in this study, revealed minimal 

statically significant findings; however, this is likely due to slope variability being 

relatively minimal across southwest Finland. Topography is a key control on 

moraine formation and distribution (Barr & Lovell, 2014; Boston et al., 2023; 

Rowan et al., 2022; Warren, 1991 & 1992) and introduces a layer of complexity 

when interpreting moraines for their palaeo-climatic significance. Whilst 

topography is a key research focus within contemporary glacial environments, 
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this is less explicitly discussed within palaeo-ice sheet reconstructions (Barr & 

Lovell, 2014). Previous studies have suggested that due to the topographic 

controls on moraine formation and spacing, moraines may be misinterpreted to 

carry palaeo-climatic significance that they do not have (Barr & Lovell, 2014; 

Boston et al., 2023; Rowan et al., 2022; Warren, 1991; Warren & Hulton, 1990).  

This highlights a significant advantage of using DGMs as palaeo-climatic 

indicators as DGMs require flat, low-relief environments for formation, therefore 

topography is less of an obscurant and allows more accurate inferences to be 

made. Nevertheless, the issue of misinterpreting moraines as palaeo-climatic 

indicators remains problematic in areas of more topographically complex terrain 

and therefore it would be valuable to apply the slope analysis method used in 

this study to areas with a greater slope variability. This could enable a 

quantification, or at least better understanding, of the extent to which slope 

controls grounding line retreat in palaeo-glacial environments. This would 

contribute to improving the accuracy of palaeo-ice sheet reconstructions and 

may offer insight when attempting to draw parallels with contemporary ice 

masses. 

8.7.4 Temporal refinement 

• Varve chronology comparisons in addition to this (chapter 7) and previous 

studies (Bouvier et al., 2015; Ojala, 2016; Zilliacus, 1989), would strengthen the 

temporal interpretations of DGMs. For example, DGMs situated around the 

Hudson Bay area (Josenhans & Zevenhuizen, 1990; Lajeunesse, 2008) may be 

compared with the North American varve chronology (Ridge et al., 2012). In 

addition, increasing absolute dating evidence is crucially valuable for better 

constraining timings of deglaciation and provides a more accurate 

geochronological anchor for DGM-derived reconstructions.  

8.7.5 Experimentation with numerical modelling 

• The DGM-derived reconstruction offers an annual record of retreat across 

hundred-year timescales. This is a significant temporal refinement of the existing 

100-year interval palaeo-ice reconstruction, and an increase in the timescales at 

which annual rates of retreat can be delineated compared with contemporary 

observations that are often limited to decadal timescales. This essentially bridges 
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a temporal gap in understanding of ice sheet retreat dynamics. As such, it would 

be valuable to utilise this empirical data within numerical modelling, similar to 

that of the British-Irish Ice Sheet (Gandy et al., 2018 & 2019), to simulate 

deglaciation dynamics at societally relevant timescales. This will also further 

validate the use of DGMs to inform the palaeo-glaciological record. Additional 

experimentation with modelling could include using DGM reconstructions to 

provide regional indicators of rates of change which may not be universally 

available across an entire sheet. 

8.8 Summary 

This chapter provides a summative discussion addressing the research questions 

outlined in chapter 1. Specifically, the results find that DGMs are formed at the 

grounding line of water-terminating ice margins. DGMs can be subcategorised into 

regularly spaced prominent ridges and irregularly spaced intermediate ridges, which 

denote interseasonal formation properties. Specifically, regularly spaced prominent 

DGMs are suggested to form via push processes during a winter readvance, whereas 

irregularly spaced intermediate ridges are suggested to form via calving process during 

periods of summer retreat. In addition, DGMs show spatial variability due to factors such 

as: sediment availability, meltwater availability, water depth, and ice margin 

thickness/configuration.  

By using local clay-varve chronologies as a geochronological anchor, this study shows 

that DGMs can be utilised to derive highly detailed annual rates of ice margin retreat 

and provide insights relative to grounding line forcing mechanisms. Specifically in 

southwest Finland, the results show a significant refinement of the current highest 

resolution (100-year), depicting detailed fluctuations in rates of ice margin retreat that 

correspond with interconnected relationships between temperature and water depth. 

The DGM-derived reconstruction provides a valuable dataset whereby annual records 

of retreat are depicted across hundred-year timescales, in contrast to contemporary 

retreat rates that are often limited to decadal observations. In addition, the rapid retreat 

rates observed in this study across flat, shallow-gradient topography, highlights that 

flatbed topography must be considered a key vulnerability when assessing 

contemporary ice sheet retreat. This work resolves the research questions outlined in 

section 1.2, relative to constraining spatiotemporal properties of DGMs, and has 
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demonstrated the value of utilising DGMs as high-resolution geochronometric ice 

margin indicators. 
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Chapter 9: Conclusions 

 

Palaeo-ice sheet reconstructions are important as they help to improve understanding 

of glacial ice behaviour in relation to climatic change over long periods of time. 

Temporal resolutions of ice sheet reconstructions are limited to > 1 000 – 100-year 

intervals at best; however, technological advances in remote sensing instrumentation 

present an opportunity to refine these resolutions by enabling more subtle, low-relief 

geomorphology to be observed and integrated. DGMs are low-relief landforms that are 

suggested to form regularly (potentially annually), at the ice margin, thus highlighting 

potential as high resolution geochronometric indicators. However, uncertainties 

surrounding DGM formation has historically presented challenges for such utility.  

This research provides clarity on DGM formation by investigating both spatial and 

temporal properties of DGMs located in southwest Finland. Investigations of spatial 

characteristics include analysis of morphometry, spatial distribution and internal 

architecture. Temporal properties were investigated by correlating local clay-varve 

chronologies with successive DGM occurrence across the study area. 

Findings from spatial analyses show DGMs to possess slightly more sinuous and 

asymmetric characteristics in comparison to similar landforms, and internally comprise 

proximal to distal transitions with proximal compact laminae and thrust structures and 

distal poorly compact reworked diamicton. Morphometric properties, along with 

internal proximal to distal sediment transitions, infer a unidirectional push process 

during formation and support the idea that DGMs form at the grounding line of water-

terminating ice margins. In addition, spatial analysis of DGT configuration across the 

study area revealed two DGM-subtypes (e.g. regularly spaced prominent DGMs and 

irregularly spaced intermediate DGMs). These DGM-subtypes depict interseasonal 

variations during formation whereby prominent DGMs form at a regular periodicity via 

push during winter readvances and intermediate DGMs form more irregularly via calving 

processes during periods of summer retreat. The distinction between prominent and 

intermediate DGMs for the purposes of ice margin reconstructions is critical given the 

different implications that each DGM-subtype represents for ice margin dynamics. 
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The correlation between the local clay-varved chronology in southwest Finland and 

DGM occurrence show close alignment with annual rates of retreat, particularly in areas 

of DGT abundant with prominent ridges. This enabled an annual signal to be established 

across the study area and concurrently for annual DGM isochrones to be constructed. 

In areas comprising a greater number of intermediate DGMs, the designation of ‘annual’ 

DGMs was guided by the number required from the clay-varved chronology. Whilst this 

introduced a degree of subjectivity, it enabled an annual ice margin reconstruction to be 

developed across the southwest Finnish sector of the FIS. 

The DGM-derived reconstruction demonstrates a significant improvement to the 

current highest resolution in the study area (e.g. annual compared to 100-year), 

revealing highly detailed nuanced patterns in retreat rate and grounding line dynamics. 

Specifically, the findings show interconnected processes between temperature, water 

depth and topography, driving grounding line retreat and demonstrate how these 

variables evolve in strength over space and time. In addition, the nuanced fluctuations 

observed at annual timescales may delineate significant calving events during 

deglaciation and may help to improve understanding of calving related processes.  

The major constraints of DGM utility as ice margin geochronometric indicators is, i) 

the availability of DGM evidence, and ii) accurate dating methods in which to establish 

an annual signal within the terrain and provide a geochronological anchor to the 

reconstruction. For utility as ice margin indicators, DGMs must be abundant and well-

preserved. As such, postglacial reworking and sedimentation may present difficulties 

when attempting to identify individual DGMs. Furthermore, DGM is not ubiquitous, 

requiring specific depositional environments (e.g. low-relief terrain, flat, smooth, slightly 

raised beds), therefore ice sheet reconstruction refinement will ultimately be limited to 

areas of DGT evidence. The distinction between prominent and intermediate DGMs is 

critical, particularly when establishing an annual signal. As such, local clay-varved 

chronologies provide the most appropriate means of geochronological anchoring; 

however, other methods may be utilised, and annual signals may be inferred with a 

higher degree of uncertainty. Specific to this study, a well-constrained ice margin was 

able to be reconstructed due to the abundance of DGMs and an established clay-varve 

chronology in the area. Areas of less well-preserved DGMs and limited local 

chronologies may produce variable results. 
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Future work may include expansion of spatial analyses of DGMs to further contribute 

to the existing knowledge, and expansion of DGM utility as ice margin indicators for 

further refinements of ice sheet reconstructions. Similarly, additional temporal 

investigations would prove valuable to develop on the findings from this study. The 

application of the methodological framework demonstrated in this study to investigate 

grounding line processes such as calving would prove valuable to assess the extent to 

which slope drives grounding line retreat at annual timescales. 

Overall, this study contributes to the existing knowledge of DGMs and offers a 

paradigm shift in their utility for palaeo-glaciological research. This study demonstrates 

the utility of DGMs as ice margin geochronometric indicators, providing an ice margin 

reconstruction characterised by an annual resolution across the southwest Finnish 

sector of the FIS. Furthermore, this study demonstrates how DGMs can be used to 

investigate grounding line forcing mechanisms at annual to centennial timescales of 

which findings are particularly valuable for understanding changes in contemporary ice 

sheets. Significantly, this study provides a methodological framework and foundation for 

the utility of DGMs as annual ice margin geochronometric indicators which can be 

developed upon in future work. 
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Appendices 

 

 

FIGURE 1. Boxplot presenting calculated transect height difference captured from LiDAR 

and ArcticDEM data. A sample of 573 transects were compared. A Wilcoxon signed-rank 

test indicated a significant difference between the two datasets (z = -12.8, p< .001, r = -

0.5), with an average difference of 0.79 m. [DEM sources: National Land Survey of 

Finland, 6/2023; ArcticDEM – Porter et al., 2018]. 
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FIGURE 2. Correlation between excavated sediment exposure and neighbouring GPR profile #3 at Site (1) UT1 (see Supplementary FIGURE 1). Radar facies 

are presented in TABLE 1 within the main manuscript. 
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FIGURE 3. Location 1, UT1 GPR Radargram #1. 
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FIGURE 4. Location 1, UT1 GPR Radargram #2. 
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FIGURE 5. Location 1, UT1 GPR Radargram #3. 

 

 

FIGURE 6. Trench locations of grain size curves for location 1, UT1. 
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FIGURE 7. Grain size curves for location 1 UT1. Diamicton curves shown in black. Sand and gravel 

curves shown in brown.  
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FIGURE 8. Correlation between excavated sediment exposure and neighbouring GPR profile #1 at Site (1) UT2 (see Supplementary FIGURE 8). Comparisons 

with UT1 show the same lithofacies in the same order within the exposure.  This is reflected in the radar facies TABLE 1, presented in the main manuscript. 
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FIGURE 9. Location 1, UT2 GPR Radargram #1. 

 



 
 

301 
 

 

FIGURE 10. Location 1, UT2 GPR Radargram #2 
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FIGURE 11. Location 1, UT2 GPR Radargram #3. 

 

 

FIGURE 12. Trench locations of grain size curves for location 1 UT2. 
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FIGURE 13. Grain size curves for location 1 UT2. Diamicton curves shown in black. Sand and gravel 

curves shown in brown. 
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FIGURE 14. Location 2, GPR Radargram #2. 
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FIGURE 15. Location 2, GPR Radargram #3. 
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FIGURE 16. Location 3, GPR Radargram #2. 



 
 

307 
 

 

FIGURE 17. Location 3, GPR Radargram #3. 
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FIGURE 18. Location 4, GPR Radargram #2. 
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FIGURE 19. Location 4, GPR Radargram #3. 
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TABLE 1.  Presenting quantified annual resolution data and descriptive statistics (total (retreat 

distance only), % change between successive segments in direction of deglaciation, minimum, 

maximum, median, mean, standard deviation and variance) for retreat distance (m/yr), water 

depth (m), 20-yr avg. temperature NGRIP (⁰C), slope (⁰), and elevation (m), across segments A-E 

as defined in FIGURE 7.5 (chapter 7). 

RETREAT DISTANCE (m/yr)   

 TOTAL CHANGE 

(%) 

MIN MAX MED MEAN STD. 

DEV. 

VAR 

A: 11 615 – 11 

531 

22 384 - 75 470 274 263.34 91.76 8 420.37 

B: 11 530 – 11 

350 

32 042 -40.15 52 910 164 178.01 87.25 7 611.77 

C: 11 349 – 11 

150 

71 843 101.83 92 1221 331 361.02 182.65 33 

361.14 

D: 11 149 – 11 

000 

57 859 -16.62 54 1509 276 388.32 297.85 88 

717.02 

E: 10 999 – 10 

901 

76 084 125 191 2773 621 768.53 467.08 218 163 
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WATER DEPTH (m) 

 CHANGE 

(%) 

MIN MAX MED MEAN STD. 

DEV. 

VAR 

A: 11 615 – 11 

531 

- 118.39 126.36 123.09 122.64 2.64 6.96 

B: 11 530 – 11 

350 

-4.1 117.16 119.66 118.04 118.19 0.78 0.61 

C: 11 349 – 11 

150 

7.64 118.99 136.23 127.07 126.39 4.56 20.78 

D: 11 149 – 

11 000 

12.97 136.49 148.58 143.55 143.57 3.32 11.01 

E: 10 999 – 10 

901 

10.27 148.68 166.99 158.28 157.50 5.11 26.14 

 

 

 

 

 

 

 

 

 



 
 

312 
 

TEMP 20-YR AVG. (⁰C) 

 CHANGE 

(%) 

MIN MAX MED MEAN STD. 

DEV. 

VAR 

A: 11 615 – 11 

531 

- -3.56 -3.22 -3.29 -3.34 0.14 0.02 

B: 11 530 – 11 

350 

-23.71 -4.48 -3.22 -4.07 -3.87 0.49 0.24 

C: 11 349 – 11 

150 

50 -3.34 -1.74 -2.04 -2.16 0.46 0.21 

D: 11 149 – 

11 000 

22.36 -2.11 -1.36 -1.58 -1.67 0.26 0.07 

E: 10 999 – 10 

901 

13.92 -1.72 -1.01 -1.36 -1.33 0.21 0.04 
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SLOPE (⁰) 

 CHANGE 

(%) 

MIN MAX MED MEAN STD. 

DEV. 

VAR 

A: 11 615 – 11 

531 

- 0.01 1.50 0.21 0.31 0.32 0.1 

B: 11 530 – 11 

350 

12.07 0 3.11 0.23 0.40 0.46 0.21 

C: 11 349 – 11 

150 

-38.61 0 1.82 0.14 0.23 0.25 0.06 

D: 11 149 – 

11 000 

-23.19 0 1.95 0.11 0.18 0.22 0.05 

E: 10 999 – 10 

901 

26.67 0 1.2 0.14 0.17 0.17 0.03 
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ELEVATION (m) 

 CHANGE 

(%) 

MIN MAX MED MEAN STD. 

DEV. 

VAR 

A: 11 615 – 11 

531 

- 44.06 75.25 61.41 59.71 8.15 66.36 

B: 11 530 – 11 

350 

-3.42 21.87 78.14 59.31 58.59 12.54 157.31 

C: 11 349 – 11 

150 

-1.8 44.93 73.75 58.24 58.37 5.4 29.12 

D: 11 149 – 

11 000 

-7.36 38.86 71.93 53.96 52.24 8.38 70.12 

E: 10 999 – 10 

901 

-49.33 13.72 44.33 27.34 27.24 8.69 75.51 
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