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Suites of closely-spaced minor moraines may help further understanding of glacier retreat and predict its
geomorphological effects through the observations of moraine formation on short timescales. This research is
common in lowland, maritime settings (Sharp, 1984; Boulton, 1986; Krüger, 1995; Reinardy et al., 2013), but
remains sparse in high-mountain settings (Hewitt, 1967; Ono, 1985; Beedle et al., 2009; Lukas, 2012).
This research presents detailed sedimentological and geomorphological research on minor moraines at two
high-mountain settings in the Alps: Silvrettagletscher, Switzerland, as a modern setting and Schwarzensteinkees,
Austria, as a historical setting. Geomorphological investigations included mapping and measurements through
field observations and assessing aerial imagery. Additionally, terrestrial laser scanning and ground-penetrating
radar data were collected in the Schwarzensteinkees foreland. Detailed sedimentological investigations followed
excavation of seven moraines at Silvrettagletscher and five moraines at Schwarzensteinkees and include multiple
scales of observation and measurements to support interpretations of sediment transport and deposition (e.g. Evans
and Benn, 2004).
The modern moraines at Silvrettagletscher, in the immediately proglacial foreland, have been forming since before
2003. Four mechanisms of formation show distinct sedimentological signatures: formerly ice-cored moraines
(e.g. Kjær & Krüger, 2001; Lukas, 2012; Reinardy et al., 2013) , push moraine formation on a reverse bedrock
slope (e.g. Lukas, 2012), push moraine formation incorporating sediments deposited in a former proglacial basin,
and basal freeze-on (e.g. Andersen & Sollid, 1971; Krüger, 1995; Reinardy et al., 2013). Schwarzensteinkees
still exists but is currently restricted to steeply-dipping bedrock slabs above the main valley. This study therefore
investigates the moraines in the foreland that formed between approximately 1850 and 1930. The minor moraines
here formed as push moraines in two groups separated by a former proglacial basin and are composed dominantly
of pre-existing proglacial outwash gravel through efficient bulldozing of the glacier front (Lukas, 2012).
These findings show a range of mechanisms responsible for moraine formation. Furthermore, basal freezeon processes incorporating subglacial sediment (till) have not been recorded in high-mountain moraine formation,
suggesting a commonality of seasonal climatic controls between the glacier dynamics of high-mountain glaciers
and those in more lowland, maritime settings.

References
Andersen, J.L., and Sollid, J.L., 1971, Glacial Chronology and Glacial Geomorphology in the Marginal Zones of
the Glaciers, Midtdalsbreen and Nigardsbreen, South Norway: Norsk Geografisk Tidsskrift - Norwegian Journal
of Geography, v. 25, no. 1, p. 1–38, doi: 10.1080/00291957108551908.
Beedle, M.J., Menounos, B., Luckman, B.H., and Wheate, R., 2009, Annual push moraines as climate proxy:
Geophysical Research Letters, v. 36, no. 20, p. L20501, doi: 10.1029/2009GL039533.
Boulton, G.S., 1986, Push-moraines and glacier-contact fans in marine and terrestrial environments: Sedimentology, v. 33, p. 677–698.
Evans, D.J.A., and Benn, D.I., 2004, A Practical Guide to the Study of Glacial Sediments: Hodder Education,
London, United Kingdom.
Hewitt, K., 1967, Ice-Front Deposition and the Seasonal Effect: A Himalayan Example: Transactions of the
Institute of British Geographers, v. 42, p. 93–106.
Kjær, K.H., and Krüger, J., 2001, The final phase of dead-ice moraine development: processes and sediment
architecture, Kötlujökull, Iceland: Sedimentology, v. 48, p. 935–952.

Krüger, J., 1995, Origin, chronology and climatological significance of annual-moraine ridges at Myrdalsjökull,
Iceland: The Holocene, v. 5, no. 4, p. 420–427.
Lukas, S., 2012, Processes of annual moraine formation at a temperate alpine valley glacier: insights into glacier
dynamics and climatic controls: Boreas, v. 41, no. 3, p. 463–480, doi: 10.1111/j.1502-3885.2011.00241.x.
Ono, Y., 1985, Recent Fluctuations of the Yala (Dakpatsen) Glacier, Langtang Himal, Reconstructed From Annual
Moraine Ridges: Zeitschrift für Gletscherkunde und Glazialgeologie, v. 21, p. 251–258.
Reinardy, B.T.I., Leighton, I., and Marx, P.J., 2013, Glacier thermal regime linked to processes of annual moraine
formation at Midtdalsbreen, southern Norway: Boreas, v. 42, no. 4, p. 896–911, doi: 10.1111/bor.12008.
Sharp, M., 1984, Annual moraine ridges at Skálafellsjökull, south-east Iceland: Journal of Glaciology, v. 30, no.
104, p. 82–93.

