THE FOLDED MORAINE OF TOKOSITNA GLACIER
P. Moore, Iowa State University. [version 4. modified 9/2015 by PLM]

Objective:
To estimate a 3-dimensional finite strain field from folds in the medial moraine of an Alaskan surge-type glacier.
Learning outcomes:
Develop familiarity with visual interpretation of geological strain in 2 and 3 dimensions; review terminology fold morphology and kinematics; modes and spatial distribution of glacier motion and mass balance; inferring deformation history through digitization of georeferenced satellite imagery
Intended audience:
Undergraduate geoscience courses in structural geology, glacial geology, or glaciology. 
PROBLEM OVERVIEW:
[bookmark: _GoBack]Estimate the total strain history of the Tokositna glacier tongue using the deformed medial moraine as a strain marker. Tokositna glacier is a surge-type glacier in central Alaska that last surged in late spring and summer 2001. During decades-long quiescent periods (the time between surges), motion in the 25-km long snout is minimal compared with motion during surge episodes. During surges, motion is accommodated mostly by sliding at the ice-bed interface, but the sliding rate is not uniform in time or space, resulting in deformation of the tongue. The glacier may also be affected by surges of some of its minor tributaries, and the folds you see in the tongue and terminus region may be initiated either by these tributary surges or by steady tributary flow into a periodically-stationary trunk glacier. Once initiated, however, fold geometry changes due to progressive strain in the tongue of the main glacier. Your task is to use a deformed medial moraine as an indicator of the strain experienced by the ice as it moves through the lower glacier.
Make the following assumptions:
· The moraine is vertical; all fold hinges are therefore also vertical.
· The dirty ice supplying debris to the moraine behaves passively (i.e., the rheology of the ice is unaffected by its debris content).
· Although motion in the terminus is dominated by surge episodes lasting a few months, surges are similar to one another in the strains produced at a given point along the glacier.
· Strain in the trunk glacier is coaxial, dominated by either pure shear or flattening, with the direction of greatest shortening parallel to the glacier centerline.
· Spatial changes in apparent finite strain along the medial moraine are equivalent to temporal changes in progressive strain.
APPROACH:
I. Find the arc-length, wavelength, and amplitude of each full fold wavelength in the fold train. See the Whitebox tutorial provided separately for tips on this software tool. 
a. Digitize the center of the medial moraine that begins at the last major confluence (the arrow in the screenshot above shows which moraine we’re focusing on). Note that the moraine appears to become wider downglacier (due to ablation) and develops a fold train that increases in amplitude and decreases in wavelength as you proceed downglacier. Digitize this feature as far into the terminal region as you can confidently recognize it.
b. Create a smooth line that follows the “centerline” of the fold train, dividing the line you made in (a) in half. This line should cut across the moraine periodically, and should be roughly parallel to the valley sides. This line will become the (curvilinear) axis of a longitudinal coordinate system.
c. Create two “envelope lines”—one on the left side of the centerline and one on the right—that connect the extreme hinges of the folds one wavelength apart. These lines will be used to measure fold amplitude.
d. Using the curved centerline, measure the length (using the distance tool) of each full fold wavelength as you move from the confluence toward the terminus. Record each wavelength in the second column of an empty spreadsheet. From this data, create a running total in the first column. This will be equivalent to distance along the glacier centerline, and provides a baseline for the remaining measurements.
e. Using the distance tool, measure the arc-length and amplitude (envelope width) of each full fold wavelength and record each in the spreadsheet in two new columns beside their position on the baseline.
f. In two more new columns, compute the longitudinal and transverse strain increments for each full wavelength. Note that, if layer thickening during progressive deformation is assumed to be minimal, the arc-length of a fold is approximately equal to that fold’s original length. 
g. Determine if there is any volume unaccounted for in each strain increment, and if so, quantify the vertical strain increment necessary to conserve volume.


II. Answer the questions in a typed and illustrated report.

1. How do the strain increments vary with position on the glacier tongue? Substantiate your answer with plots of strain increment magnitude as a function of distance along the glacier baseline.
2. Is the 3D strain pattern in Tokositna Glacier more like pure shear or more like flattening? Does this change as you move along the glacier tongue? Plot your data on a Flinn-diagram to support your answer.
3. Interpret your results and discuss their implications for the dynamics of the glacier. In particular, note that mass is removed progressively from the glacier by ablation. Based on your description of the strain field in the glacier tongue, what can you infer about ablation patterns in the glacier?
4. Revisit the five assumptions made in the problem overview. Evaluate these assumptions and determine how your interpretations might change if the assumptions were relaxed.


GLACIERS & MEDIAL MORAINES

Medial moraines are a common feature of many large valley glaciers. They often stand out as dark, boulder strewn bands parallel to the valley axis, in stark contrast to the surrounding white ice. The most prominent medial moraines are usually formed at the confluence of multiple tributary glaciers, where the rock-laden ice that once abutted exposed mountainsides becomes embedded in the interior of the trunk glacier. In a sense, they are the dirty seams in the trunk glacier that bind together ice originating from separate accumulation basins. When the tributaries merge within the accumulation zone, this dirty ice can be buried by clean snow, to emerge again farther downglacier when exhumed by ablation. Where a confluence occurs within the ablation zone, lateral moraines composed of fresh supraglacial debris merge to become a medial moraine (Gomez and Small, 1985). Figure 1. Russell Glacier and its many medial moraines, Alaska USA. Image source: Bing Maps.

Although medial moraines appear at the surface to be bands of highly concentrated rock, this is just a superficial expression of a more dilute longitudinal band of debris-bearing ice. Subsurface studies of medial moraine structure and composition usually indicate that the moraine is the surface expression of a band of ice, several meters to tens of meters wide, containing less than 1% to more than 15% rock debris by volume. In many cases, the debris is dominated by coarse angular rockfall debris, but in other settings it can resemble the more indurated debris found near the base of the glacier (Gomez and Small, 1985). 
Longitudinal debris bands formed at the confluence of two glaciers of similar size and ice discharge may be nearly vertical, extending  through the entire thickness of the glacier. While ice melt proceeds in the ablation zone, debris is liberated from the ice beneath and accumulates on the surface. As this supraglacial debris thickens with distance downglacier, it reduces the melt rate of the ice underneath, causing the medial moraine to be elevated relative to surrounding bare ice. The resulting relief causes debris to gradually move laterally away from the moraine center, and gives the impression that the moraine is widening toward the terminus (Anderson, 2000). 
Longitudinal debris bands may, in some cases, widen toward the terminus as they are compressed.  Ice typically thins and slows as it approaches the terminus of the glacier, resulting in longitudinal compression, lateral spreading if valley geometry permits, and vertical extension that partially balances ablation. A layer initially parallel to this compression could be thickened or buckled, depending on whether the debris-laden ice behaved in a more competent manner than the surrounding clean ice (Ramberg, 1964). Alternatively, since many medial moraines become distorted due to surges of the trunk or tributary glaciers, compression could result in amplification of these initial distortions (Post, 1972).
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STRAIN AND FOLDINGFigure 2. Fold amplification in flattening (a) and pure shear (B) strain regimes.

The finite strain of a ductile material can be estimated from the distortion of internal structures, including layers and inclusions.  In this exercise, we will use the progressive development of a fold train in a medial moraine to estimate the accumulated strain in the tongue of a glacier.
Finite strains may be either coaxial or non-coaxial depending on whether there is a rotational component. Coaxial strains occur without any progressive rotation of the principal strain axes. Pure shear and flattening are two-dimensional and three-dimensional examples of simple coaxial strain that may be relevant in some glacial settings, particularly where basal sliding dominates glacier motion.
There are three primary mechanisms of folding: bending, forced by transverse displacement of surrounding materials; passive folding, in which pre-existing irregularities are amplified in the prevailing strain field; and buckling, where compression parallel to a competent layer embedded in a less competent medium causes active deflection of the competent member and a non-uniform strain field. 
Only buckling and passive folding are to be expected in pure shear and flattening regimes. The primary difference between the two folding mechanisms is the active involvement of the folded layer. If the layer is significantly more competent (i.e., has a greater resistance to deformation) than the surrounding material, buckling may cause very large rates of amplification in the early stages of folding, and the bulk strain field will be perturbed accordingly. If the layer competence is not significantly different from its surroundings, the layer will not disturb the background strain field and will instead deform in a largely passive manner.
Glacier ice may be considered incompressible, so to conserve mass, deformation must also preserve volume.  If a volume of glacier ice is compressed longitudinally and extends transversely (i.e., in plane strain), the total amount of stretching transverse to flow should be directly related to total longitudinal shortening so as to preserve volume. Shortening by a factor of 0.5 must therefore result in transverse stretching of 2. More formally, if strain is measured by extension  and positive strain is taken as an increase in length, the length of any line after finite pure shear strain is . A passive marker that is shortened in pure shear along the -axis by 50% thus has undergone strain of , while lengthening in the transverse direction by , and is thus twice as long as it was initially.  Note that quadratic elongation  .
If strain is not constrained to two dimensions, shortening along one axis may be accompanied by extension along both orthogonal axes. In a glacier undergoing longitudinal compression, this extension occurs in the transverse and vertical directions. If distortion of structures allows estimation of total accumulated strain along two of the three axes (e.g., longitudinal and transverse), strain along the third axis may be computed if one assumes no change in volume, using the relationship , where the numbered subscripts refer to elongations in the principal strain directions.
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