Week 11: Alpine Glaciers What is a glacier?
A glacier is a mass of ice that has its genesis on land and that represents a multiyear surplus of snowfall over snowmelt. Glacial ice accumulates in mountains (alpine glaciers) or over continents (ice sheets, ice caps). Glaciers are found in mountainous areas throughout the world, from the tropics to the poles. Perennial ice covers about 11% of the land areas of the Earth. Within the past 2 million years, glaciers and ice sheets expanded to cover about 29% of the total land area of the Earth.
Glaciers form in any area in which annual snow accumulation > snow melt. Successive layers of snow are slowly compacted until the loose snowflakes gradually become more and more dense with increasing depth and age. As gravity slowly deforms this mass of ice and it begins to flow, a glacier is formed.
Why study glaciers?
Fluctuations of the volume of glacier ice are related to climatic variations in temperature and precipitation. Glaciers are very effective agents of erosion and deposition, significantly modifying the landscape. Glaciers hold over 75% of the world's fresh water – they act as frozen freshwater reservoirs that release water during the summer.
Glaciers in Mountainous Regions (Alpine Glaciers)
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Franz Joseph Glacier, NZ & Glaciers in Bhutan Himalaya
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Diagrams of an alpine glacier (from Strahler and Archibold)
· Glaciers can only form at or above the lower limit of perennial snow, or the snowline.
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· The snowline is the elevation above which snow persists year round. It is a function of latitude. The atmosphere cools at a rate of ~ 6.4 C per kilometer as air masses expand. Therefore, the snowline rises at lower latitudes where temperatures at sea level are warmer.
· Glacier ice is formed from snow that does not melt in the summer. The snow recrystallizes to form LARGE crystals of ice (Rough and granular) called firn. It's much like packed snowballs.
· Lower layers then turn to solid ice under the weight of overlying firn and snow.
· When ice accumulates on sloping ground, it will flow downhill away from theaccumulation zone (snowfall > melt) and into the ablation zone (melt > snowfall)
· The point on the glacier where annual accumulation is exactly equal to annualablation is referred to at the equilibrium line altitude (ELA)
· At the coast of BC, ELA is about 2000 m, but in the Rocky Mountains, theELA rises to 3000 m (Q: Why?)
· The end of the glacier is referred to as the glacier terminus, the glacier snout or sometimes the toe of the glacier
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Equilibrium Line Altitude of South Cascade Glacier
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Glacier Zonation: key terms
· Accumulation zone: the upper part of the glacier where the net snow gain is positive.
· Firn: granular old snow that forms a surface layer in the accumulation zone.
· Equilibrium line: line that separates the accumulation zone from the ablation zone. This is also known as the ELA, the equilibrium line altitude, which is similar to the snowline at the end of the melt season
· Ablation zone: the lower part of the glacier, loss of mass by net melting, calving and sublimation. Ablation occurs on the surface and near the glacial snout.
Glacier Mass Balance
· The mass balance of glacier is defined as: the change in mass (the difference between total accumulation and total ablation) of a glacier over time, determined either as a value at a point, an average over an area, or the total mass change for the glacier.
· Mass balance studies of a glacier provide a measure of its condition relative to climate. A glacier in steady state with climate will have evolved to the point where all the snow that accumulated in a given year is ablated away in the same year. If the climate changes, the glacier will either gain mass (positive net mass balance) or lose mass (negative net mass balance). If the glacier gains mass, that extra mass will flow downslope and the glacier will grow and advance (in length and/or in thickness). Conversely, if the glacier loses mass, there will not be sufficient mass flowing downslope to reach prior terminus position, and the glacier will retreat and/or thin.
Types of Glaciers
· Alpine Glaciers: long and narrow mountain glaciers, constrained by topography. They are essentially slow-moving rivers of ice. Relatively thin with widths of tens to hundreds of meters.
· Cirque
· Valley
· Piedmont
· Tidewater
· Continental Glaciers: a continuous mass of ice, creating its own topography. They are very old (thousands of years), thick (thousands of meters) masses of ice that can cover an entire land mass
· Ice Cap: dome shaped ice mass which buries the landscape (< 50 000 km2). Often these form over a single volcano or topographic massif. e.g., Vatnajokull, Iceland
· Ice Sheet: > 50 000 km2, flattened dome in shape. Ice sheets will bury underlying relief, and generate their own surface topography. e.g., Greenland Ice Sheet, West Antarctic Ice Sheet, East Antarctic Ice Sheet.
· Icefield: Icefields do not contain enough ice to form a dome. Flow tends to be constrained by topography. Often icefields are elongated along a mountain chain, e.g. Columbia Icefield, Alberta.
Glacial Geomorphology (Alpine)
[image: http://www.geog.ubc.ca/courses/geob103/G103_Alpine_Glaciers/images/glacial_geomorph.jpg]
What makes ice move?
· Weight: the weight of the overlying mass forces the ice to spread out.
· Flow: ice is slippery and flows over underlying rock and soil. It is aided by the water at the interface between rock and ice, as well as between grains.
· Crevasses form along steep slopes and valley sides where differential stresses along flow cause the surface to crack
· How fast the glacier will move (i.e., the velocity of any point in the glacier) depends on the
· Distance from the bed and valley sides, which provide frictional resistance to motion
· Slope of the surface, which increases the driving force of gravity and the shear stresses at the bed
· The presence of free water at the bed of the glacier, which helps to lubricate the ice-bed contact
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Crevasses: since the ice surface is rigid and brittle relative to the basal ice, the glacier surface will undergo tensional stresses and develop vertical fractures as the ice flows down valley.  
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Crevasse
Subglacial Meltwater
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Meltwater generated at the surface flows through moulins and tunnels to the bed of the glaciers. Meltwater is also generated by the friction of ice moving over the bed. Glacial meltwater helps to lubricate the bed of the glacier, increasing slip. Subglacial meltwater can also erode and transport sediment generated at the bed of the glacier.
Erosional Features of Alpine Glaciers
Erosion by a glacier can take place by ice push, plucking or abrasion
· Ice Push: The glacier acts as a bulldozer and may be capable of pushing a limited amount of loose rock debris.
· Plucking involves removal of blocks of rock from outcrops. The glacier exploits rock weaknesses along fractures to pull the rock loose.
· Abrasion involves the grinding of bedrock surfaces using rock tools carried in the ice
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Abrasion causes striations -> This polished and scratched rock surface was caused by a glacier with rock fragments frozen into it moving across a bedrock surface. Larger rock fragments made the long straight scratches known asglacial striations

Glacial erosion generally:
· Rounds and polishes rock surfaces
· Scratches and abrades surfaces were it can pick up sediments 
· Plucks (also known as quarrying) blocks of rock due to pressure melting
     Evidence of glacial erosion include: 

· striations, 
· fluting, 
· roche moutonees, 
· erratics, 
· till
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Roches Moutonnee: a rounded bedrock feature that has a smooth, streamlined side (caused by abrasion) and a jagged, rough side (caused by plucking) 
Erratics: Boulder-sized (or larger) rock deposited by a glacier. The rock is usually of a different lithology than the surrounding bedrock because it has been transported some distance from where it was quarried by the ice
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Glacial erratic

[image: http://www.geog.ubc.ca/courses/geob103/G103_Alpine_Glaciers/images/MyGlaciers5sml.jpg][image: http://www.geog.ubc.ca/courses/geob103/G103_Alpine_Glaciers/images/MyGlaciers6sml.jpg]
More evidence of glacial scour
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Glacial plucking diagram
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Transformation of a landscape by glaciation (Strahler)

Erosional landforms

· Glacial cirque: at the accumulation zone, the ice scours the bedrock andintensifies the frost shattering on adjacent hillslopes. 
· The result is a bowl-shaped depression surrounded by steep-sided rock faces called glacial cirque
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Cirque of South Cascade Glacier
· If the cirque is deep enough in the centre, drainage is impeded and asmall lake may form there AFTER DEGLACIATION, which is called a tarn
· Often rock steps develop near the cirque outlet. Over the rock step, the glacier speed increases and crevasses develop. 
· 
· Arête: The sharp-crested ridge that forms when two cirques from adjacent (but separate) glaciers erode toward each other
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Aretes
· Horn:  A horn is a sharply peaked mountaintop surrounded by glacial cirques and arêtes.  It is formed as the headwalls of three or more cirques erode backwards toward each other
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· U-Shaped Valleys: While rivers cut valleys that tend to be v-shaped, glaciers cut valleys that are u-shaped, like the glacier itself.  In such valleys, the hillslope continually increases as one moves upslope
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U-shaped valleys
· When two glaciers of different sizes come together, the larger one will cut a deeper valley because it is more powerful.  At the junction the elevation of the valley bottom of the smaller glacier will be higher than that for the larger one, producing a hanging valley
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Hanging valleys
· When a u-shaped valley is carved by ice to below sea level and  is thenflooded by sea level rise following deglaciation, only the steep valley walls remain above sea level, producing a network of fiords along the coast thatrepresent a network of drowned glacial valleys
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Fiords
· Sea level falls during a glaciation because water from the oceans (lots of it) is being stored on the continents as glacier ice.  Following deglaciation, this water is returned to the oceans as the glaciers melt, which then rise to their former levels again.
Depositional Features of Alpine Glaciers
Glacial deposits

· Glaciers pick up, carry, and deposit vast quantities of fragmented material derived from the underlying surficial deposits, including deposits from previous glacial advances, as well as bedrock.
· Materials range from large blocks that are directly transported by glacier ice tovery fine grained material that is transported by subglacial streams (outwash) or deposited directly by the glacier (till)
· Material carried on, in and under the glacier accumulate into  various landforms.  The material transported in this way is called glacial drift.
· 
· Glacial Drift - all debris deposited by glaciers
· Outwash - Materials carried away from the glacier snout by proglacial (outlet) streams deposit outwash. These deposits are  sorted and stratified deposits by some degree of fluvial sorting. 
· Till - unstratified debris of varying sizes deposited directly by the glacier (not by water)
· Ablation till - deposited in front of the ice. Usually the matrix is rich in sand or silt
· Lodgement till - deposited under the ice. It is rich in clay and very dense, due to being compacted by the overriding ice.
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· Ablation till
Glacial deposits
· Lateral moraines:  these are linear, sharp crested till accumulations that developalong the sides of the glacier.  After a glacier has retreated, these lateral moraines allow geomorphologists to reconstruct the former ice extent
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Lateral morraines
· Medial moraines: these are linear accumulations of till within a middle of a glacier.  They can be traced back up the valley to a confluence between two separate alpine glaciers.  A medial moraine is the result of two lateral morainesbeing combined as two glaciers merge to form a single larger alpine glacier
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Medial morraines
· Terminal moraines (aka end moraines): These are till accumulations that form at the snout of the glacier.  They wrap around the snout and merge with the lateral moraines on the sides of the glacier.  They indicate the maximum extent of the glacier down the valley.  Often a glacial lake will form behind a terminal moraineas the glacier retreats.
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Terminal morraines

· The slow retreat of a glacier terminus may leave behind a series of terminal moraines, called recessional moraines
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