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Abstract 

Micromorphology is used to analyze a wide range of sediments. Many 

microstructures have, as yet, not been analyzed. Rotation structures are the least 

understood of microstructures: their origin and development forms the basis of this 

thesis. Direction of rotational movement helps understand formative deformational 

and depositional processes. Twenty-eight rotation structures were analyzed through 

two methods of data extraction: (a) angle of grain rotation measured from Nikon NIS 

software, and (b) visual analyses of grain orientation, neighbouring grainstacks, 

lineations, and obstructions. Data indicates antithetic rotation is promoted by 

lubrication, accounting for 79% of counter-clockwise rotation structures while 21 % 

had clockwise rotation. Rotation structures are formed due to velocity gradients in 

sediment. Subglacial sediments are sheared due to overlying ice mass stresses. The 

grains in the sediment are differentially deformed. Research suggests rotation 

structures are formed under ductile conditions under low shear, low water content, 

and grain numbers inducing grain-to-grain interaction. 
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Chapter 1: Subglacial environments and depositional processes. 

1.0 An introduction to subglacial processes and environments 

Subglacial processes are critical in understanding ice sheet dynamics. Since 

many ice masses overlie soft sediments, it is vital to investigate how a deformable 

substrate behaves at the ice-bed interface and effects ice movement (Iverson et aI., 

1995; Benn & Evans, 1998; Phillips et aI., 2007). With accruing evidence of Global 

Warming, it is critical that an understanding of ice sheets and their movement be 

achieved in order to develop future predictions of ice sheet stability and global 

warming trends over the next century and beyond. One aspect of this stability 

analyses is the existing relationship between subglacial rheological conditions, 

sediment deformation, and basal ice motion. 

Subglacial evidence beneath current ice streams is at best limited, but, proxy 

evidence from beneath Pleistocene ice streams is easily accessible. It is likely that 

much of that evidence is stored within subglacial sediments in particular, glacial 

diamictons (tills), and is therefore fundamental that a clearer understanding of till 

deposition mechanics be obtained. Much has already been accomplished concerning 

till research at the macro scale (Mills, 1984; Bullock et aI., 1985; van der Meer et aI., 

2003; Menzies et aI., 2006), but evidence is increasingly accumulating that indicates 

micro scale analysis may aid in providing further insight surrounding processes of till 

deposition (e.g. van der Meer et aI., 2003; Phillips et aI., 2007; Menzies et aI., 2006, 

2010). 
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1. 1 Deposition of subglacial till 

Glaciers and ice sheets deposit sediment in many different ways as a function 

of such controlling factors as: (a) ice mass types, (b) ice thickness, (c) sediment 

supply and/or underlying bedrock, and (d) climate (Dreimanis, 1988). Glacial 

deposits have been subdivided into two types, comprising stratified and unstratified 

sediments. The focus of this thesis is on unstratified sediments typically diamictons 

(tills). Deposition of till occurs when sediment melts out of the ice in the following 

possible ways: (a) pressure melting, (b) glacial ice becoming lodged due to sediment 

strength levels overcoming imposed ice stresses, and/or (c) already emplaced basal 

sediment within a deforming basal layer becoming immobile again, resultant of 

stress/strength variations between the overlying ice and underlying sediment strength. 

There are several processes that control the deposition/emplacement of 

subglacial debris (Benn & Evans, 1998). Four of these deposition/emplacement 

processes (lodgement, melt-out, flow till and emplacement from subglacial 

deformation), are briefly discussed within the following pages. 

(1) Lodgement deposition. 

Deposition occurs as a result of debris held within the basal layers of an ice 

mass being released through pressure melt-out and then becoming smeared on a 

subjacent surface either already deposited sediment, or bedrock (Dreimanis, 1989). 
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Alternatively, where larger particles and clasts move across a deforming bed, often 

such particles and clasts begin to plough into the underlying bed and become lodged 

as a result of reduced mobility within an immobile sediment bed (Boulton, 1982). 

(2) Melt-out deposition. 

Melt-out deposition is caused by the melting of stagnant or slowly 

moving debris-rich ice, and is directly deposited without deformation or re-

mobilization (Benn & Evans, 1998). While lodgement deposition can only occur 

subglacially, melt-out deposition can occur within proglacial, supraglacial and 

subglacial environments (Benn & Evans, 1998). For a melt-out deposition process to 

occur, it is necessary there is an element of heat (geothermal, climate, sensible heat 

from incoming water) present, which enables the ice mass to melt due to the rising 

temperature, as a result, sediment entrained within the glacier is then deposited 

(Nobles & Weertman, 1971). The quantity of debris which is deposited depends on 

melt-water production and the degree of active drainage (if there is very little flowing 

melt-water present, the quantity of deposited sediment will be less when compared to 

greater water flow) (Nobles & Weertman, 1971). Where a higher volume of flowing 

water is available, this allows the sediment to be transported once entrained. 

Alternatively, where melt-water content is lower, the entrained sediment has a lower 

chance of melting out of the glacier (the sediment has a higher chance of remaining 

entrained within the glacier or ice sheet). If melt-water cannot drain or discharge 
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freely, pore water pressure will rise thereby decreasing the stability of deposited 

debris and aid in the likelihood of remobilization or failure (Benn & Evans, 1989). 

Within a melt-out till, it is uncommon to find faults and folds due to the 

fluvial transport processes involved, instead, water escape structures can be seen (e.g., 

dewatering structures) (MUller, 2010). In areas where channelized melt-water is 

present, it is possible for an accelerated melt-out rate due to releasing of frictional 

heat from flowing water. Alternately, the opposite becomes true where flow 

competence is low, in which case the degree of sediment deposition would most 

likely only be affected by a winnowing process (e.g., removal of fine sediment) 

(Haldorsen & KrUger, 1990). MUller (2010), Boulton (1982), and Denis et aI., (2010), 

suggest that strong clast axis orientation is indicative of a melt-out deposition. Strong 

preferred clast axis orientation is usually indicative of previous water flow, which is 

necessary for melt-out deposition. 

(3) Flow-till 

If basal melting rates are high, the debris has the potential (in a debris-rich ice) 

to melt out from the roof of a cavity and detach (Boulton, 1982). Once this debris has 

detached, it accumulates at the bottom of a cavity and may eventually become a part 

of the glacier base once again. Boulton (1982) and Marcussen (2008) state that flow

till deposition is a type of mass movement where rate of sediment deposition relies 

mainly on amount of flowing or stagnant water carrying the entrained sediment. 
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Furthermore, flow-tills are essentially debris flow sediments which have formed on, 

within, beneath or in front of ice masses (Boulton, 1982; Menzies et aI., 2006). 

(4) Emplacement from subglacial deformation (soft-sediment) 

Van der Meer et aI., (2003) states that all subglacial tills regardless of their 

age or location reflect deforming beds, with the exception of subglacial melt-out tills 

in contact with glacier ice. The idea of a deforming bed beneath the glacier sole is of 

extreme importance as the type(s) of deformational processes are able to provide 

insight concerning ice movement mechanisms, as well as possible physical processes 

acting at the base of glaciers (Denis etaI., 2010). 

Within the deforming bed, different horizons or zones of deformation have 

been documented and categorized by Menzies (2003). Menzies introduced the 

concept of "H", "M", and "Q" subglacial beds (Fig. 1) and what conditions may be 

present within them which are especially crucial during deformation. "H" beds have 

been classified as being composed of typically hard beds in which are classified by 

the hydraulic conductivity ranging from: (Ha) low bedrock conductivity, to (Hd) 

which represents high conductivity in sediments overlying bedrock with low 

conductivity (Menzies, 1989). "M" beds are classified as deforming beds in which 
, 

soft subglacial debris conditions are dominant and flow of saturated debris occur. \ 

Alternately, "Q" beds are a mixture of both "H" and "M" beds, and are more 
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transitory in nature therefore; "Q" beds may possibly be the most common beneath 

ice masses (Menzies, 1989). 

---+ meltwater pathway ~ frozen sediment :'0... ~ deforming bed 

ice~ 

Mbeds 
deIorming_ 

Fig 1: Illustration of "D", "M", and "Q" beds as introduced by Menzies (1989). 

(Menzies, et aI., 2003) 

Tills have the capacity to change their lithological properties to an enonnous 

extent as the glacier moves across different lithology supplied by the underlying 

substrate (Geikie, 1863). Furthennore, as the glacier moves it is highly possible that a 

change in composition can also arise when moving from a fine grained domain onto a 

coarse grained domain which has the ability to alter glacial behaviour in such ways 

as: (a) subglacial drainage, (b) pore water pressure, (c) effective stress levels, and (d) 

rate of mobility (van den Berg & Beets, 1987). 
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Soft-sediment subglacial deformation structures are important indicators in 

determining possible depositional processes within specific environments (Mills, 

1983). By analyzing microstructures found within samples from one location and 

compared to samples taken from a different location, it is possible to draw 

connections between types of microstructures present within the samples (Mills, 

1983; Carr, 1999). Sediment deformation occurs during, or shortly following 

depositional processes due to the presence of an unsolidified state required for soft 

sediment deformation to take place (Phillips et aI., 2006). 

Microstructures in subglacial till are deformational in origin and are 

summarized in Fig .2 and can be separated into two main categories (van der Meer et 

aI., 2003). First is the "S-matrix", where plasmic fabric and skelsepic grains together 

combine the relationship between skeleton grains (>30 microns), and the plasma «30 

microns). The S-matrix includes subcategories as: (a) brittle, (b) ductile, (c) 

polyphase (brittle/ductile) and, (d) pore water induced microstructures (van der Meer, 

1993; Menzies, 2000). Larsen et aI., (2005) noted that as the S-matrix and plasmic 

fabric became more deformed due to higher stress, the number of rotation structures 

and grain lineations increased. The second category, "plasmic fabric" is related to the 

alignment of particles (specifically clay), in a shear zone with respect to stress 

orientation (Stroeven et aI., 2005; Phillips et aI. , 2006). Furthermore, plasmic fabric 

requires polarised light to become detectable (van der Meer et aI., 2003). Below are a 

few examples of microstructures found within subglacial tills. 
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(1) Turbate/rotation/galaxy structures: have been recognized within subglacial tills, 

debris flows and glaciomarine tills, as well as within artificial diamicts created within 

laboratory experiments (Carr et aI., 2000; Phillips, 2006). These structures are 

characteristic of rotational movements within a ductile environment and do not 

typically require polarised light for detection. Furthermore, rotation structures are 

ascribed to a skelsepic plasmic fabric (van der Meer, 1993). 

(2) Grain lineations: are common in sediments subjected to stress such as subglacial 

tills and debris flow deposits, and are comprised of more than 3 grains which rotate 

and align within discrete shear zones (Hiemstra & Rijsdijk, 2003). 

(3) Grainstacks: consists of at least 5 equal-sized grains, and develop obliquely to the 

shearing direction as a means of stress support (Harker, 1993). 

(4) Banded plasma: usually interpreted as a mixing of different till types (Menzies et 

a1.,2006). 

1.2 Deformation structures in subglacial till 

In the analyses of soft-sediment deformation at both macroscopic and 

microscopic scales, it has become evident that there are many different sedimentary 

structures that are related to processes such as: (a) pre-depositional, (b) emplacement, 

or (c) post-depositional (Menzies, 2000). Van der Meer (1993) proposed that most 

soft-sediment deformation structures can be subdivided into those formed under: (a) 

- 8 -



brittle and (b) ductile conditions. The style of deformation depends on: pore water 

content, level of stress or pressure, duration of shear-stress, as well as grain size 

(Bertran, 1993). Nobles & Weertman (1971) suggest that the greater abundance of 

disturbances (for example, high pore water content, high stress inducing high strain) 

present within the sediment, the greater the probability of deformation. Sediments 

which have undergone ductile or brittle deformation create different structures 

synonymous with that specific deformation type. 

1.2a Brittle deformation 

Brittle deformation occurs when stress is either applied at a rapid rate and 

there is no time for particle to particle adjustment, or when the sediment is strong 

itself and causes particles within the matrix to become fractured during grain collision 

(grain crushing between particles) (Bertran, 1993). Brittle deformation features at the 

microscale are: angular fragments, brecciation, angular plasmic domains, or faulting 

(Fig. 2). Other visible micro-features consist of edge-to-edge grain crushing, non-

sinuous shear lines or lineations, as well as visible disconnects (points of detachment) 

within the matrix (Menzies et aI., 2006). Brittle deformation occurs within high 

shear-stress domains which do not allow "bending" of particles to occur due to the 

high degree of stress present (which may be rapid). 
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1.2b Ductile deformation 

Ductile deformation occurs under lower stress than brittle deformation. Within 

ductile deformation the internal stress rate is higher than the stress being imposed, 

allowing the internal kinetic energy to dissipate slower (Mills, 1983). Due to the rate 

of stress dissipation, the particles within the matrix are able to adjust and adopt a form 

resembling sliding or curvature. The presence of ductile deformation is further 

induced when there is an increase in pore water content within the sediment, allowing 

effective shear stress levels to fall. Microstructures found indicative of ductile 

deformation origin are: necking structures, rotation structures, fold structures, 

grainstacks, and sinuous lineations (Fig. 2) (Menzies, 2000&2006). 

The differences between microstructures formed during brittle and ductile 

deformation are great as each microstructure has its own signature/pattern which 

differentiates it from another, allowing information to be gathered concerning what 

type of deformation could have occurred and caused that pattern to be formed. Pattern 

recognition is important when analyzing similarities between grains within 

microfabrics. This pattern recognition is important as each structure represents a 

different process of structural development and is therefore important that these 

patterns are not only recognized but understood (Fig. 2). 
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Microfabrics and Microstructures within the Plasma 
and S·Matrlx of Glacial Sediments 
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Fig.2: Diagram/chart showing the range of documented microstructures recognized within tills. 
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1.3 Evidence at the microscale 

At the microscale, subglacial tills reveal a wide range of microstructures that 

are becoming increasingly valuable as they may hold the solution to understanding 

the structural geology of tills and depositional processes (Phillips et aI., 2007). Of the 

many microstructures found within subglacial tills (van der Meer et aI., 2003; 

Menzies et aI., 2006) rotation (or turbate) structures may be the least understood 

(Hiemstra & van der Meer, 1997; Lachinet, et aI.,2001; Menzies et aI., 2000). These 

particular microstructures, as of yet, have no satisfactory explanation as to their origin 

within subglacial tills. Rotation structures form the basis of this thesis to attempt to 

increase knowledge of their form, distribution, geometry, structural characteristics, 

and possible construction within the intricate rheology of subglacial till formation. 

1.4 Analyzing subglacial till with a macroscale approach 

At the macro scale, tills are typically classified as: lodgement tills, melt-out 

tills, flow tills, deformation tills and waterlain tills (Dreimanis, 1989; Evans et aI., 

2006; Evans et aI., 2006). A macro scale analysis leaves a lot to be questioned when 

concerned with stress kinematics, deformation conditions, as well as depositional and 

post-depositional processes (Phillips et aI., 2007). A large problem faced when using 

a macro scale approach is that at that level of analysis they appear to be structure less, 

massive deposits, when in fact, they are not (Khatwa & Tulaczyk, 2001). 
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While techniques including X-radiography, XRF, and density logs (used 

mostly in a macroscale analysis) do provide some details of internal structure of 

sediments, only micromorphology provides an insight into in situ plasma, skeletal 

grains, arrangement, structural attributes, as well as any relationship between the 

constituent particles. Due to the limited amount of data available from a macroscale 

approach it is necessary that it be coupled with another form of analysis: a microscale 

approach. The application of a microscale approach allows for till to be examined in 

greater detail than with a macroscale approach, aiding in determining deformational 

processes at work during time of sediment deposition. 
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Chapter 2: Subglacial deformation processes. 

2.0 Introduction 

Rotation structures within glaciogenic sediments are thought to be created 

under specific conditions and processes which categorize them as ductile deformation 

microstructures (Fig. 2) (Hatcher, 1990; van der Meer, 1993; Menzies et aI., 1997). A 

crucial component in the generation of rotation structures is the development of a 

deforming sediment layer along with shear type, sediment strength, and duration of 

applied stress present at the time of deformation (van der Meer, 1993). Within this 

chapter, different components will be analyzed that are known to induce rotation 

within the subglacial environment, and how this has the potential to effect the 

generation of rotation structures. 

2.1 Ice/bed interface stress inducing grain rotation 

As deforming sediment becomes sandwiched between the sole of the ice mass 

and subjacent bedrock or immobile sediment, it then becomes subject to shearing due 

to the movement of the overlying ice, clasts within the deforming sediment can begin 

to differentially move as a type of "wheel" or "rotational cell" pattern within the 

matrix, forming a distinctive rotation structure (Fig. 3) (van der Meer, 1997). 

Furthermore, as the velocity gradients change or dissipate during ductile deformation 

within the deforming sediment layer, rotation structures are then potentially able to 

form as depicted in Fig. 4 (Menzies et aI., 2006; Phillips 2006; Piotrowski et aI., 
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2006). Processes that induce deformation are able to create a probable setting for 

rotation structures to occur, unlike environments which induce sliding of particles (a 

process which decreases friction). 

Fig.3: An interpretation of the impact 
of shear strain on a rotation structure 
within a shear zone domain. It can be 
seen that as shearing occurs parallel to 
the cluster of grains, this has the 
potential to cause rotation within the 
shear zone located between the 
shearing planes. 

(Larsen et aI., 2007) 

strain .--__ -====='=-__ ...., low high 

.. 
......... ---..... 

I 
1-__ • .1 

I 
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Fig.4: Illustration of a rotation 
structure within a low shear
stress domain between two high 
shear strain locations. The 
contrasting velocity and strain 
profiles are crucial in the 
construction of a rotational 
pattern of grains. 

(Larsen et aI. , 2007) 

An experiment conducted by Hiemstra and Rijsdijk (2003) revealed data 

which found that as the sediment composing the surrounding matrix was deformed to 

varying shear-stress levels, the number of rotation structures increased. Alternately, 

with implementing only low shear-stress throughout the experiment, the amount of 
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rotation structures decreased quite significantly. Marques & Burlini (2008) conducted 

further laboratory experiments and results indicate that rotational patterns of grains 

could be seen at much greater numbers when a mixture of varying shear-strengths 

was applied rather than a uniform shear strain. The combination of differing shear

strengths allows for ductile deformation to occur, therefore creating an environment 

indicative to rotation structure formation (Mandai et al., 2004; Taborda & Antunes, 

2004; Marques & Burlini, 2008). 

2.2 Subglacial erosional processes 

Iverson et al. (2006) had suggested that grain shape and size is important in 

suggesting past subglacial depositional processes. A large factor in the size and shape 

of grains within till is due to grain erosion acting at, or, within the till at the ice-bed 

interface, and at the base or within the deforming layer (Rose & Hart, 2007). It has 

been suggested that till within the deforming layer represents a patchwork of different 

grain sizes and shapes, and pore water pressures, which can effectively alter the 

mobility and deformation subglacially (Hart & Boulton, 1991). Furthermore, it has 

been proposed that subglacial erosional processes may be equally as important to till 

deformation as more documented processes, such as dilation and over consolidation 

(Hooke and Iverson, 1995; Iverson et al., 1996). It is quite apparent that the degree to 

which erosion occurs subglacially is of significant importance to the deformation 

processes. Subglacial erosion has the potential to alter the grain shape and size, 
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resulting in either angular grains, or grains with a more rounded shape. Usually, more 

subglacial erosion leads to greater grain abrasion, resulting in grain size alteration 

(usually fracturing or wearing down of the grain (Fig.S)) and can cause the grain to be 

deposited differently than larger grains as explained below. 

Subglacial erosion causes grains to either become dominated by rotation to 

yield a smoothed and rounded form, or fractured to yield a conchoidal form (Fig.S) 

(Rose & Hart, 2007). A grain being introduced to the subglacial environment while 

still preserving pre-weathered conditions has a greater chance to suffer initial low 

relief erosional impacts, before undergoing abrasion, or fracture following by 

abrasion. A grain which has a "low relief' profile has probably not undergone a 

sufficient amount of weathering or has been preserved within the ice, whereas a grain 

which has a "high relief' profile, has undergone a great deal of weathering, and 

would have adopted a conchodial or angular shape (Fig.6) (Hart & Boulton, 1991). 

The resulting style of grain erosion associated with subglacial deformation tills are 

correlated with the bedrock type and overall stress imposed on the till. 

Fig. 5: An illustration depicting 
the shape profiles of eroded 
grains within subglacial till. 
1) Initial grain shape 
2) Abrasion dominated shapes 
3) Fracture dominated shapes 

(Hart et ai., 2009) 

- 17 -



Hart et aI., (2009) 

Fig. 6: a) grain showing low relief impacts with a pre-weathered surface, b) grain showing 
smoothing and adopting a more round appearance; c) grain showing a jagged form with initial 
conchoidal fracture and abrasion occurring at the edges; d) grain with medium relief impacts; e) 
grain showing a conchoidal form; t) grain showing a 'hand axe' form. 

As the degree to which grains in the subglacial deforming bed are abraded, the 

level of stress may also change: this possible change in stress is due to the changing 

shapes created by erosional processes (Hart, 1995). Laboratory studies conducted by 

Hooyer et aI. (2008) and Rose & Hart (1997) have indicated that the degree of stress 

does have the possibility of altering shape profiles of grains within the matrix. The 

impact to which erosion acts on the grains also has a great deal to do with the origin 

of the grain, for example: coarser grained tills will undergo inter-particle stress, which 

results in the crushing of the fine and produce a silt-rich till (Boulton et aI., 1974). 

It is important to note that basal glacier ice does not contain a consistent quantity or 

heterogeneity of sediment throughout. For this reason, different reaches or sections of 

the glacier will contain different mixes of sediment, and may experience more or less 

erosion (Iverson et aI., 1996). Rose & Hart (1997) found that strain, stress, and 
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defonnation processes vary across the glacier bed, yielding varying sediment 

quantities, as well as varying grain shape profiles (Fig.6). 

2.3 Orientation and re-orientation of grains in subglacial till 

For some time relationships between grain orientation and ice-flow direction 

have been analyzed. Holmes (1941) was the first to analyze grain/clast fabrics in 

detail and suggested that the fonn (shape) of the grain affected its final orientation to 

a great degree (Andrews & King, 1968; Lindsay, 1970). It has been argued that using 

grains in fabric analysis consisting of more prolate (oblong/ovallhladed: the shape 

profile can be seen in Fig.7) shape profiles are better indicators in regards to grain 

orientation or re-orientation (Richter 1932; Dreimanis & Reavely, 1953; Harrison, 

1957). Harrison (1957) further suggested that the shape of the prolate grain makes for 

a more sensitive stress indicator within tills, rather than oblate particles (not usually 

used as orientation indicators) (Dremainis & Reavely, 1953). The reason behind the 

omission of oblate particles as stress indicators is due to their usually spherical shape 

which does not prove useful when analyzing orientation or dip (Wentworth, 1936; 

Dremanis & Reavely, 1953; Harrison, 1957). Applying this knowledge that prolate 

grains are sensitive indicators of stress within tills, resulted in analyses of only 

incorporating grains with prolate shapes when conducting research analysis of 

rotation structures within this thesis. A useful tool when analyzing orientation of 

grains is a Rose diagram (Fig. 8) in which the researcher plots the degree of dip of the 

collected data. 
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Fig.7: A shape profile of a prolate grain. A-axis (listed in 
red) represents the longest span of the grain while the b
axis (listed in blue) represents the intermediary length of 
the grain. It can be seen that tbe a-axis is much longer 
than tbe b-axis making it a more sensitive indicator of 
force distribution. 

8-axis 

f----+-----1 A-axis 

Fig.8: Two Rose diagrams indicating long-axis (a) 
orientation of prolate grains have been plotted in 
(A) & (B). Broken lines indicate the preferred
orientation defined by the macrofrabric, solid lines 
indicate horizontal orientation, and arrows 
indicate the glacier-flow direction. It can be seen 
that a great number of samples follow the trend of 
glacier flow direction. 

(Harrison 1957) 

In accordance with Holmes's hypothesis, prolate grains first adopt a 

transverse orientation defined by a rotation about their long axis (a-axis) (Holmes 

1941). The long axes would then tend to lie in a horizontal plane and situate 

perpendicular to glacier flow (Richter 1932; Holmes 1941; Marques & Burlini, 2008), 

while during deposition the grains rotated about their intermediate axes (b- axis) and 

then proceed to be thrust into the bedrock by the overriding glacier. After deposition, 

these particles would then align itself in a position in which their axis lay roughly 

horizontal and parallel to the ice movement (Wentworth 1936; Harrison 1957; Iverson 

et aI., 1999; Ghosh et aI., 2003). It has been proposed by Knopf & Ingerson (1938), 
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and by Boulton (1971) that the amount of relative force required to orientate or re

orientate grains within a fabric can be surprisingly small. 

The primary postulated cause of horizontal and vertical variations in pebble 

fabrics are a function of internal fluctuations in water content, initial grain orientation, 

grain size and shape, as well as the intensity and duration of shear events (Wentworth 

1936; Harrison 1957; Lawson 1979; Marques et aI., 2008). As pore water content 

increases, as do the effects of shearing due to sediment mobility within fabrics 

containing higher pore water concentrations (Marques et aI., 2008). In sample 

locations possessing higher water contents (approximately 18% -25% water by 

weight), more consistent alignment of pebbles was exhibited, situating mainly parallel 

to the direction of sediment flow (Lawson 1979). If internal water content raises 

enough to cause prolonged shearing events and re-orientation of grains within the 

fabric, it is also highly probable that grains may begin to move and spin (Jeffrey, 

1922; Taylor, 1923; Taborda et aI., 2004; Marques et aI. , 2008). A rotational or 

turbate pattern aided by water (the creation of a vortex) internally within the sediment 

can cause a great deal of grain re-orientation (Ceriani et aI., 2003; Samanta et aI., 

2003; Piotrowski et aI., 2004; Marques et aI., 2008). This effect may aid in the 

creation of rotational patterns to develop within the sediment (Walpole 1991; 

Lachinet et aI., 2001; Ceriani et aI., 2003). Grain re-orientation often involved when 

water content is high enough to induce spinning, is a crucial component to the 

generation of rotation structures. 
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2.4 The appearance of a rotation structure 

A rotation structure, sometimes referred to as a "turbate structure", has been 

categorized as a microstructure within till that is formed during ductile deformation 

(Fig.2) (van der Meer, 1993; Carr et aI., 2000; Phillips, 2006). Kilfeather et al. 

(2010) described a rotation structure as an arrangement of fine grained sediment with 

their long axes (a-axis) of these grains forming a contact point (or nearly touching) 

with the previous grain. The overall composition of a rotation structure analyzed 

within this thesis constitutes of two different categories, briefly explained below (van 

der Meer, 1993, 1997): 

(a) An alignment of grains forming a circle-like pattern (Fig. 9) 

and/or: 

(b) An alignment of grains which have formed a circle-like pattern around a centre-

grain (also known as a centre-grain) within the centre of the circle (Fig. 10). 

Fig 9: Circled in red (in both A and B) is a rotation structure which has formed with the 
omission of a centre-grain. Note the contact point(s) between grains forming the rotation 
structure as well as the orientation of the a-axis of the grains. 
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Fig. 10: Indicates two rotation structures (C and D) with a centre-grain present circled in red. 
The arrangement of grains around the centre-grain form a type of circle-like encasement around 

it, indicating a rotation structure. 

In past research, a few different types of structures exhibiting rotation have 

been analyzed but possess very different appearances when compared to the rotation 

structures shown in Fig.9 and Fig.10. While the focus of this thesis is to gain an 

understanding of rotation structures, it is important to recognize other classifications 

of rotation structures to avoid confusion between them. Some rotation structures look 

quite different due to the addition of a tail-like extension or resemblance to a "cats-

eye shape" (an elongated oval with tails at each end of the a-axis) and are thought to 

be generated in a different rotational processes) (Ghosh et aI., 2003). These structures 

are known as "porphyroblasts" and consist of usually only one larger grain (Fig.ll) 

(Marques & Burlini, 2008). 

Fig. 11 : An example of a porphyroblast, a type of "galaxy" 
rotation structure (named after the appearance of spiralling 
arms on the outer reaches of the a-axis). It can be seen 
clearly that the form of the rotation structure is very 
different than those shown in Fig.9 & Fig.tO. (Marques & 
Burlini, 2008) 
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It is crucial to recognize the distinction between these different forms of 

rotation structures. Factors governing grain rotation are responsible for the rotation 

structure or the "porphyroblast" (although a single grain- usually a garnet Fig.H), to 

assume a "rotated" or "turning" appearance. The rotational pattern of grains within 

the rotation structure is intriguing and raises the question: why does it exist? The 

following chapter (a literature review) postulates what may be possible for grain 

rotation, and ultimately rotation structure formation. 
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Chapter 3: Postulated components for rotation structure formation: a literature 
review. 

3.0 Subglacial grain behaviour patterns 

Experimental work investigating the response of individual grains and grain 

populations to applied stress fields has been undertaken by several authors (e.g., 

Rusnak, 1957; Benn & Evans, 1998; Carr & Rose, 2003). Grain behaviour within 

viscous and non-viscous fluids, grain adjustment in different stress fields, and 

movement of grains at the ice-bed interface, and within deforming subglacial 

sediment is crucial in understanding subglacial deformation (Swift et aI., 2005). Grain 

arrangements within till reflect the behaviour of stress fields and velocity gradients 

generated by moving ice and/or moving deforming sediment under stress (Haritashya 

et aI., 2010). Particles of varying sizes and mass have the potential to develop specific 

fabric arrangements in response to bulk sediment strain induced by effective stress 

fluctuations at the bed of a glacier (Carr & Rose, 2003). Subglacial deformation 

occurs as a function of effective rather than total stresses at the glacier-bed interface 

(Hooke & Iverson, 1995). The effective stress present within subglacial sediment is 

primarily influenced by the amount of water existing at the glacier bed and within the 

subjacent sediment, and the resulting influence exerted over subglacial sediment 

rheology (Haritashya et aI., 2010). Consequently, sediment rheology is critical in 

determining the nature and magnitude of potential effective stress levels as well as 

any subsequent strain or stress response of the sediment (Bui et aI., 1990; Haritashya 

et aI., 2010). 
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Studies by Holmes (1941), Harrison (1957), Carr & Rose (2003), and more 

recently, Hart & Rose (2009) demonstrate grain shape and size is crucial in 

determining grain orientation and grain behaviour within subglacial tills. Analysis of 

fabrics at the macro, as well as at the micro scale, have identified that particles of 

different size (Fig. 12) are rarely oriented consistently in relation to ice flow direction 

(Hooke & Iverson, 1995). 

1.0-0.5 mm 0.5-0.25 mm 0.25-0.12 mm 0.12-0.06 mm 0.06-0.03 mm 

• Coarse Medium Fine Very Fine 

V 
Sand Silt 

(Clark et aI., 1994) 

Fig. 12: Diagram indicating different sizes of sands ranging from coarse - very fine, as well as 
silt. 

Particle size is perhaps the most fundamental property of a sediment which 

has the potential to affect entrainment, transport, and deposition processes (Arbaret et 

aI. , 2001 ; Raynaud et aI., 2008). It has been noted by Clark et ai. (1994), Hart et aI., 

(2009), and Haritashya et ai. (2010) that both larger and smaller grains of similar 

shape have tendencies to behave in a similar manner (but rotate at different 

magnitudes) that is: prolate (bladed or oblong shaped) grains are more likely to roll 

along their a-axes, in contrast to oblate (spherical shaped) grains which are more 

likely to situate parallel with the stress field orientation (Fig. 13) (Boulton, 1971). A 

relationship exists between grain orientation and duration and/or magnitude of 
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applied stress with regards to the second law of mechanics: the force required to 

move an object is proportional to the mass of the object (Hooyer & Iverson, 2000; 

Watts & Carr, 2002). A grain or particle of known mass will likely adopt a stress-

dependent threshold beyond which it will adjust from parallel to transverse 

orientation with respect to stress field direction (Fig. 13) (Arbaret et aI., 1996). 

Consequently, particles of different size and shape have the potential to display 

different orientations. For example, whilst under a single stress regime, smaller grains 

may align transverse to the stress orientation, whilst larger grains may align parallel 

(Ildefonse et aI., 1992; Carr & Rose, 2003). Experiments conducted by Hooyer & 

Iverson (2000), Mancktelow et al. (2002) and Ceriani et al. (2003) found that samples 

with larger grains positioned transverse to shear plane have likely been subjected to 

greater stress levels than those with only smaller grains aligned transversely. 

Jeffery Rotation Hooyer & Iverson Rotation 
(rotation into shear plane) 

(Modified from Carr & Rose, 2003) 

Fig. 13: Response of grains to an applied stress (stress direction is indicated by black arrows). 
Once a grain is subjected to greater stress than a size specific threshold, it then reorientates from 
a parallel orientation to a transverse orientation (indicative of a change from a Jeffery rotation 
pattern to a pattern observed by Hooyer & Iverson, 2000) 
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Within most rheological models concerned with till deformation, the 

assumption that local dilation (expansion or enlargement of pore-space) in 

conjunction with grain sliding and rolling, is the essential deformational processes at 

work (Hooke & Iverson, 1995). During shearing of a granular material, alignment of 

grains (lineations or grain-bridges), have the potential to develop with orientations 

parallel to shear direction in order to support most of the applied shear stress (Fig. 14) 

(Marques & Coelho, 2001; Samanta et aI., 2003; Mulchrone, 2007). Alternately, if 

deformation is due to failure by fracture, rather than dilation, the grain-size 

distribution will tend toward one that provides the maximum support for the grains 

(Carr & Rose, 2003; Hooke & Iverson, 1995) . 

............ • 
,. _flakes 

'"" .... ,. • 
intergranula':..--. 

• ~ • -
(Larsen et aI., 2007) 

Fig. 14: Depicting deformation and orientation of grains (in grainstack form) in response to 
shear direction and shear stress. Edge to edge grain crushing can be seen by fracturing of grains 
resulting in flakes, intergranular fractures, and microcracking. Generally the preferred 
orientation of grains develop as prolate (elongated) grains rotate and align within discrete shear 
zones. 

Two main sets of criteria for discerning particle rotation and orientation within 

the context of subglacial sediments have been implemented in past research (Ghosh & 
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Ramberg, 1976; Idelfonse & Fernandez, 1988; Arbaret et aI., 1996; Hart et aI., 2009). 

Jeffery (1922) conducted laboratory experiments in which grains became immersed in 

a semi-viscous fluid while being subjected to shear. The outcome of this experiment 

resulted in grains responding with periodic rotation into orientations parallel to the 

direction of the principal shear plane. Jeffery's theory further assumes that clasts are 

neutrally buoyant and do not interact with each other, and that there is no slip 

between sediment and any surrounding fluid. 

Alternately, March (1932) suggests that grains behave more as passive 

markers during stress, and once grains have situated parallel to the stress field, they 

will usually remain at that orientation with little deviation. Experiments conducted by 

Hooyer & Iverson (2000) resulted in data that depicted clasts in shearing till rotating 

into the shear plane and tending to remain there, contrary Jeffery's theory. It must be 

noted however that grains did occasionally rotate out of the shear zone during 

experiments and appeared to flip 1800
, potentially as a result of sporadic interactions 

with other larger grains (Arbaret et aI., 1996; Mancktelow et aI., 2002; Ceriani et aI., 

2003). Subsequently, grains will likely spend more of their duration at orientations in 

or near the shear plane rather than away from it (Benn & Evans, 1996). 

It was found that the interaction between grains is mainly a function of: 1) 

grain concentration, 2) water content, 3) matrix cohesion, 4) vortex generation, 5) 

shape preferred orientation (SPO), 6) stress level and duration of stress, 7) direction 

of shear, and 8) velocity gradients (Marques et aI., 2001; Mancktelow et aI., 2002; 
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Ceriani et aI. , 2003; MandaI et aI., 2005). In some instances the layer separating the 

ice and the immobile bed (the mobile phase of subglacial deformation layer) may 

constitute a thin layer of highly comminuted sediment that is only a few centimetres 

in thickness, while other authors (Hart & Boulton, 1991) have estimates ranging from 

15m to 50m (Clark & Walder, 1994). In other instances, the basal zone of the ice 

mass is adhered (frozen) to its bed. Finally, the layers between the ice mass and the 

bed may be composed of two layers (Fig. 15) of deforming and undeforming 

sediments (Hicock & Dreimanis, 1992; Hart, 1997; Hooyer & Iverson, 2000). 

Fig. 15: A cartoon illustration ... -------
depicting two layers of sediment beneath an ice 
mass. The deforming layer consists of unfrozen 
sediment which rests atop the undeformable 
layer. The direction of ice flow is shown by the 
arrow. 

(Modified from Boulton, 1996) 

When sediment becomes mobile within a deforming subglacial bed, potential 

grain rotation may result due to the relative motion of grains within the sediment. 

Movement within this deforming sediment layer is driven by the overlying ice mass 

imparting tangential shear to the underlying sediment (Cladouhos, 1999; Hiemstra & 

Rijsdijk, 2003). When the bulk shear strength of the sediment is less than the 

imparted shear stress, movement of the sediment and consequently internal 

deformation of the sediment becomes possible (Nobles & Weertman, 1971 et aI. , 
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1991; Larsen et aI., 2007). The purpose of this chapter is to analyze what possible 

processes induce rotation within subglacial till, and how these processes aid in the 

development of rotation structures. 

3.1 Shape preferred orientation (SPO) & grain shape 

Laboratory analyses (use of low shear strengths) indicate that after longer 

deformation durations, the ratio of fine to coarse particles increased (Iverson et aI., 

1996). This increase in fine to coarse particles arises due to fracturing and abrasion of 

grains as shear duration increases (longer durations of shear are likely to induce more 

stress or strain upon the grain, allowing greater potential of grain shape and size 

alteration). Alternately, within laboratory studies using simple shear at low strengths 

and shorter durations, it was found that grains appeared to have not undergone 

substantial alterations (grain size or shape was not seen to be altered due to less force 

imparted on the grains by shorter shear durations) (Ghosh & Ramberg, 1976; 

Idelfonse & Mancktelow, 1993; Iverson et aI., 1999). 

Boulton et ai. (1974), Iverson et ai. (1996) and Hart (2006), proposed that 

poorly sorted sediments with smooth and rounded grain shapes (with the preservation 

of pre-weathered surfaces), reflects an overall low stess setting. Alternately, 

sediments which were well sorted and had angular grain shapes (combined with the 

lack of preserved pre-weathered surfaces), reflect a greater total stress experienced by 

the grain and resulted in fracturing (Rose & Hart, 2008). Furthermore, it has been 
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thought that a relatively simple deformation history is indicative of sites composed 

mainly of smooth and rounded grains (reflecting the breakdown of bedrock, first, by 

fracture and then abrasion) (Iverson et aI., 1996). Angular, well sorted grains appear 

to reflect a far more complex deformational history, due to the vast array of different 

sediment inputs combined with a longer time-frame spent within the deforming layer 

(Tulaczyk et aI., 1998). If the shape of the grain has become altered, this effect has 

the ability to also alter the SPO ofthe grain (Chapter 2). Spherical grains will usually 

appear to have little SPO due to their axial ratio being similar, however prolate grains 

have dissimilar axial ratios in which SPO can be more easily detected (Fig. 12) (Hart, 

2006). 

A grain which was once rounded (oblate) that has become fractured multiple 

times during deformation processes may adopt a more conchodial profile allowing for 

an altered SPO (examples of fractured grains can be seen in Fig 5 & 6 in Chapter 2, 

2.2) (Iverson et aI., 1996). It has been proposed by Tulaczyk et ai. (1998), that prolate 

grains (initially a concho dial shape which has been abraded and became smoother) 

tend to lay parallel to shear direction due to their axial ratio. Grain interaction during 

deformation may not only change grain shape due to fracturing, but may also induce 

re-adjustment of grains which come into contact with neighbouring grains due to 

collision, further altering SPO (Ildefonse et aI., 1992; Grotenhuis et aI., 2002; 

Mancktelow et aI., 2002). 
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As the overlying ice moves over differing lithologies, it is possible changes in 

sediment composition at the ice-bed interface may alter (for example, when the ice 

mass moves from a fine grained domain onto a coarse grained domain) which allows 

for potential re-alignment of grains (Geikie, 1863; Idelfonse & Mancktelow, 1993; 

Marques & Cobbold, 1995). Marques & Coelho (2001) stated that grains begin to 

adopt their SPO primarily due to: shear type, direction of shear, duration of shear, 

grain shape and size, and velocity profiles present in till. Different deformation 

processes will create variances in grain readjustment and SPO arrangements (Arbaret 

et aI., 2001). SPO of grains within subglacial till may become altered as larger grains 

come into contact with smaller grains causing a possible change in SPO (due to 

displacement of the grain, crushing, or fracturing) (van den Berg & Beets, 1987). 

Different shapes will orientate themselves in differing alignments in response 

to stress generated by shear (Samanta et aI., 2003; Mulchrone, 2007; Iverson et aI., 

2008). Prolate shaped grains (Fig. 5 & Fig. 6 in Chapter 2, 2.2) are usually assumed 

to have orientated by means of passive behaviour (unresisting to stress) (Samanta et 

aI., 2003). Consequently, the alignment of prolate grains tend to lay parallel to the 

direction of stress (produced potentially by pore water content, shear direction, shear 

type, duration of shear and) due to the passive nature of a prolate (egg-like) shape 

(Jiang & Williams, 2004; Kruger et aI., 2005; Mulchrone, 2007). 

According to Ghosh & Ramberg (1976), the degree of rotation concerning 

prolate grains is largely controlled by the grain axial ratio, initial grain orientation, 
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pore water content, as well as relative amount of shear stress (Fig. 16). In the case of 

pure shear (the grain and/or fabric uniformly elongates in one direction and uniformly 

shortens in the perpendicular direction and appears to flatten in response to applied 

stress) the grain does not appear to commence rotation (Taborda et ai., 2006). 

Alternately within simple shear the axis perpendicular to the shear plane does not 

shorten, it rather induces rotational stress in which the grain moves parallel to a given 

axis, allowing for spinning to occur (Marques et ai., 2008). The passive orientation 

which a prolate shape will adopt makes it a very useful indicator with reference to 

movement or rotation. 

Fig. 16 : An experiment conducted revealing 
the movement/rotation of a prolate shaped 
grain. Initial orientation alignment was 
parallel with the shear direction (as indicated 
with a line bisecting the a-axis) as seen in A. 
In B, the grain has re-orientated itself to 
adopt a position more reminiscent oflaying 
perpendicular to shear direction (as indicated 
by the red arrow). When more shear strain is 
induced, the grain will align parallel with the 
shear direction at 1800 once again (Marques 
& Coelho, 2001; Mandai et al., 2005) 

(Marques & Coelho, 2001) 

Prolate grains initially orientated parallel to the shear-zone will eventually 

realign their a-axis so that they situate relatively perpendicular to stress for a given 

time, due to uneven detachment (indicated in Chapter 3.4) of the grain with the 

surrounding matrix as a result of shear-stress and pore water content (as seen 

progressing in Fig. 16) (Marques & Coelho, 2001; Mancktelow et ai., 2002; 
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Kilfeather et aI. , 2010). With increasing duration of shear (stress that acts parallel to a 

surface and can cause one object to slide over another, or rotate), or strain (amount of 

deformation experienced compared to its original size and shape), the prolate grain 

will eventually align itself to lie parallel to the direction of stress due to its axial ratio 

(as previously mentioned), and continue to rotate with the surrounding fabric (the 

grain adopts a position of least resistance to stress: the a-axis becomes parallel to 

stress caused by shearing) (Jiang & Williams, 2004; Marques & Burlini, 2008). The 

axial ratio of a prolate grain allows for greater rotation potential (due to relatively 

uneven stress distribution of a prolate shape) to be generated as well allowing for 

easier visual detection of movement when compared to an oblate (spherical) shaped 

grain (Fig.I7) (Marques & Burlini, 2008). 

Fig.I7: Illustration indicating potential 
rotational movement of an oblate and 
prolate shape under simple shear. 1) 
indicates an un-sheared prolate and 
oblate grain. 2) Represents movement 
of a prolate and oblate shape after 
simple shear. Grain axis are indicated 
by "a" (longest axis) and "b" (medial 
axis), while red arrows indicate 
direction of shear. It can be seen that 
within 2, the prolate shape appears to 
have rotated approximately 45°, while 

I the oblate shape does not appear to 
change in angle of rotation (due to the 
axial ratio). 

An oblate (relatively spherical) grain shape is almost never used in 

determining grain rotation or movement (Marques & Coelho, 2001; Samanta et aI., 

2003; Mulchrone, 2007). Oblate shapes as indicators of rotational movement, are 

problematic in that due to the relatively even axial ratio, it becomes much more 
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difficult and usually largely inaccurate in discerning rotation (shown in Fig. 12) 

(Piazolo et aI., 2002; MandaI et aI., 2005; Mulchrone, 2007). For these reasons 

mentioned above, shapes consisting of oblate forms were not used as rotational 

indicators within this thesis. 

3.2 Grain concentration & matrix cohesion 

Experimental work constituting both analogue and numerical analyses, has 

greatly served to advance understanding concerning the behavioural tendencies of 

interacting populations of grains (Ildefonse et aI., 1992; Arbaret et aI., 1996). If a 

higher number of grains exists, the likelihood of grain to grain interaction increases 

thereby affecting the rotation and movement of grains, as well as the surrounding 

matrix flow (Samanta et aI., 2003). Furthermore, this mechanical interaction shared 

amongst interacting grain populations also has great potential to modify the bulk 

viscosity of the grain-matrix system (Masuda & Ando, 1988). Previous analyses 

conducted by: Bilby et aI. 1975; Mancktelow et aI. 2002; Ghosh et aI., 2003 & 

MandaI et aI. 2003, has confirmed that within multiple grain systems (populations), 

the concentration of grains has a significant control on the flow pattern, movement 

pattern and deformational features around grains. 

Experiments conducted using high grain concentrations revealed that rotation 

occurred more often than grains in low concentrations, suggesting grain interaction 

does promote rotation (Walpole, 1991; Mancktelow et aI., 2002; Mulchrone, 2007). 
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Presented within Fig. 18 an experiment comparing high grain concentration to low 

grain concentration (a solitary grain) and it can be definitively stated that grains 

within multiple grain interactions rotated to a much larger degree than grains in lower 

concentrations with less grain interaction (MandaI et aI., 2005). 

Fig. 18: Experiment conducted by Mandai et 
al., (2005) showing the differences in rotation 
between multiple grain interaction/association 
and a solitary grain under simple shear 
conditions. Grains were aligned parallel with 
the shear direction (indicated by red arrows) 
and have been marked along the b-axis in 
order to discern rotation more effectively. A) 
indicates grain position before shearing has 
commenced, while B) shows the effect of 
deformation under simple shear. 

(MandaI et aI., 2005) 

Accompanying factors such as: matrix cohesion, water, velocity gradients, 

shape preferred orientation, duration of shear, and grain size and shape that aid 

greatly in facilitating rotation within matrices possessing large grain concentrations. 

The presence of high grain concentrations is very important in generating grain 

rotation (Ramsay & Huber, 1983; Samanta & Bhattacharya, 2003). MandaI et aI. 

(2005) proposed that rotation-like patterns or "balls" are more likely to occur in 

samples which are composed of increased grain concentrations due to the shared 

force exerted by closely positioned grains. Experiments have indicated that with 
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increased grain interaction, this greatly effects the strength of cohesion between 

grains (Ramsay & Huber, 1983; Piazolo et aI., 2002). Perturbations (discontinuities) 

of flow around a grain within multiple associations are highly capable of re-directing 

the stress exerted on the grain by causing a shift or movement of the grain itself in 

order to alleviate stress (as indicated in Fig. 19) (Piazolo et aI.,2002; Ceriani et aI., 

2003; MandaI et aI., 2005). 

(Jiang & Williams, 2004) 

Fig.19: Illustration indicating strain 
fields around grains within a multiple 
association. Strain fields indicated by 
horizontal lines and grains (in black) 
illustrate how strain may redistribute 
around a grain to alleviate 
stress (each indicated by a letter from 
A-G). Within a multiple association 
(as shown) grains are more likely to 
have varying degrees of strain 
around them due to close proximity 
of other grains and induce rotation or 
formation of a vortex (if liquid is 
present) due to a spinning process (as 
shown by the broken arrow). 

The rotational movement of grains within a grain-matrix system is aided by 

the traction exerted by the matrix upon the surface of the grain during deformation 

(indicated within Chapter 2 & 3.0) (Bjomreud & Zhang, 1995; Piazolo et aI., 2002). 

In laboratory experiments (accompanied by usage of a hydrodynamic model: a system 

to represent detailed transport patterns), it has been shown that mutual mechanical 

interaction among grains is a function of grain concentration which modifies the 

- 38-

I:. l 



stresses at the grain-matrix interface to a large extent (Samanta et aI., 2003; Mandai et 

aI., 2005). Data collected while analyzing a grain's moment of inertia (a measure of 

an object's resistance to change and commencement of rotation), revealed grains 

orientated parallel to shear direction experience antithetic moments in response to 

stress induced by shearing, this magnitude of rotation appears to increase with high 

grain concentrations (Marques & Coelho, 2001; Ceriani et aI., 2003) Alternately, 

grains oriented perpendicular to shear direction experience a moment that appears to 

induce synthetic (clockwise movement) rotation (Mandai et aI., 2005). Similar to 

grains orientated parallel to shear direction, grains orientated perpendicular to shear 

direction also experience a greater magnitude of rotation for larger grain 

concentrations (Jezek et aI., 1999; Mandai et aI., 2005; Mulchrone et aI., 2007). 

The mechanics of antithetic (counter-clockwise rotational movement) and 

synthetic rotation of grains within multiple grain populations is yet to be fully 

explored and demands a suitable dynamic analysis for a reasonable physical 

explanation of the phenomenon (lldelfonse et aI., 1992; Samanta et aI., 2003). In 

executing a dynamic analysis it is possible to collect data in real-time thereby 

analyzing changes in rotational movement of grains within the conducted experiment 

while it is running, rather than by repeatedly examining the grains after the conducted 

experiment. 

There has been a basic premise that the grain remains attached to the matrix I 
t throughout deformation. Many geologists, however, believe grains may detach from 
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the matrix (Abaret et aI., 1996; Bjomerud & Zhang, 1995; Samanta et aI., 2003; 

Mulchrone et aI., 2005). It has been suggested that grains occurring in high 

concentrations allowing for mechanical interaction between grains are more likely to 

develop fissures around grain edges, as their interfaces are prone to extensional 

detachment (detachment at the ends of the a-axes from the matrix) (Ildefonse & 

Mancktelow, 1993) This degree of grain-matrix coherence (strength of attachment at 

the grain-matrix boundary) once again affects the stress field around grains which is 

further influenced by high grain concentrations (Pennacchioni et aI., 2000; MandaI et 

aI., 2005). From laboratory testing it has been shown that increasing grain 

concentration facilitates grain-matrix detachment and thereby can modify the stress 

distribution around the grain and increase the potential of grain movement or rotation 

(Lachinet et aI., 2001; Mulchrone, 2007). 

In order to analyze the mechanics of extensional fissures generated by 

detachment of the grain from the matrix, it is necessary to understand the physical 

factors that provoke coherence (strong matrix cohesion) or incoherence (weak matrix 

cohesion) at the grain-matrix boundary. Recent studies have revealed that the shape 

and orientation (Chapter 3.0 & 3.1) of the grain greatly influence the detachment at 

the grain-matrix boundary (Ramsay & Huber, 1983; Pennacchioni et aI., 2000; 

Treagus et aI., 2002). The magnitude of tensile stress (the stress state leading to 

expansion in which the length of a material stretches in the tensile direction, however, 

the volume of the material stays constant), at the grain-matrix boundary increases 

with large grain concentrations (Lachinet et aI., 2001; Marques & Coelho, 2001). 
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Consequently, grains occurring in high concentrations may undergo detachment from 

the matrix over a large area of their interface if the cohesional strength (strong matrix 

cohesion) is not high (Pennacchioni et aI. , 2000; Ceriani et aI., 2003). In such a 

condition fissures can form encompassing almost the entire portion of the grain-

matrix boundary which facilitates rotation or movement of grains to a large degree 

(degrees of detachment can be seen in Fig. 20). The detachment occurring at the 

grain-matrix boundary may commence in primarily three different modes: Mode 1-

the matrix becomes detached from the grain forming fissures at the boundary, Mode 

2- the matrix slips on the surface of the grain; and lastly, Mode 3- the detachment 

occurs by a combination of these two modes (mode 1 & 2) (Ildefonse & Mancktelow, 

1993; Kenkmann & Dresen, 1998; MandaI et aI., 2005). 

Mode I detachment 

rZf 
~1ode 2 detachmenl 

ModI.: 3 dC'I~,chmeJlt 

Fig. 20: Figure depicting 3 known modes of detachment around a 
grain at the grain-matrix boundary. 

(MandaI et aI. , 2005) 
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Ultimately detachment occurs when the matrix cohesion strength becomes 

lessened due to factors such as: a) water, b) grain concentration, c) grain cohesion, 

d) shear/strain strength, e) duration of shear, and f) grain size (Ceriani et aI. , 2003; 

MandaI et aI., 2005). Increasing grain concentration greatly facilitates grain-matrix 

detachment (as previously mentioned), and therefore modifies stress distributions 

around the grain itself (I1defonse & Mancktelow, 1993). A grain which becomes 

detached from the surrounding matrix will potentially adopt a similar orientation to 

the positioning of surrounding grains correlating with the direction of stress (a 

relationship becomes established between grains which induces coherence) 

(Pennacchioni et aI., 2000; Ceriani et aI., 2003). 

It has been noted in laboratory experiments that the central grain within 

multiple grain population settings will rotate to a larger degree when compared to the 

rotation of surrounding grains (MandaI et aI., 2005). It is crucial to state that this 

pattern of rotating grains around a central region (grains within a multiple association 

setting) can still potentially exist without the presence of a central grain as indicated 

in Fig. 21(Shimammoto, 1975; Samanta et aI. , 2003. MandaI et al. (2001) suggests 

that it is possible for the central location of a multiple grain association to appear 

vacant of grains similar to those in size around it yet still appear as though grains are 

orbiting. 

! 

t 
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Fig.21: Illustration depicting grain rotation (within a multiple association) without any grain 
visible (of similar size to those within the multiple association) within the centre of the matrix. 
Grains are indicated by black oblate and spherical shapes while red arrows indicate the direction 
of shear. 

This concept is based upon previous work by Marques & Coelho, 2001; 

Samanta et al. 2003; Lachinet et al. 2001; Mulchrone, 2007, suggesting that a very 

strong matrix cohesion exists within the centre of a grain population, a stable core 

may be generated and remain relatively passive in comparison to the surrounding 

larger grains (may have formed as result of a velocity gradient during deformation) 

(as indicated within Fig. 20). Grain rotation is influenced by the surrounding bulk 

shear strength comprised of matrix and skeleton grains. Rotation is effected by the 

grain-matrix boundary strength, water, velocity gradients, and grain populations 

which have the potential to cause increased rotation due to detachment (Lachinet et 

al.,2001). 

Fig. 22: Illustration of a matrix composed of larger grains 
around a "stable core" (tightly packed fine sediment). It 
can be seen that the fine sediment are within the centre of 
the larger grains forming a circle-like enclosure. Larger 
grains are shown in light grey while fine sediment are 
shown in black and dark grey, shear direction is indicated 
by the red arrows. 
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Alternately, it is important to note that analyses have been conducted with 

regards to the idea that grains may generate a form of "shelter" around smaller grains 

relieving stress (Shimammoto, 1975; Marques & Coelho, 2001). This reduction in 

stress on smaller grains being sheltered by larger grains may in tum reduce rotation or 

movement (Ceriani et aI., 2003). It is possible that such a scenario within Fig 21, is 

representative of such a case (in which larger grains are situated around what seems 

to be a "void"), in which grains have rotated around a central area in response to shear 

stress (Lachinet et aI., 2001; Samanta et aI., 2001; Mancktelow et aI., 2003). This idea 

along with analyses concerned with grain population behaviour in terms of rotation is 

not thoroughly investigated to date, and does require additional research (Marques & 

Cobbold, 1995; MandaI et aI., 2005). 

3.3 Effects of water 

The presence of a low-viscosity layer (a very thin layer of a substance acting 

as a lubricant (water) at the grain-matrix boundary) within simple shear has been an 

important part of research in order to further understand mechanics of grain behaviour 

within ductile shear zones (the geological environment in which rotation structures 

are often observed) (Ildefonse & Mancktelow, 1993; Ceriani et aI., 2003). Previous 

work by MandaI et aI., 200 1; Marques & Coelho, 200 1; Schmid & Podladchikov, 

2003; Marques & Bose, 2004 and MandaI et aI., 2005 has greatly increased 

understanding of this issue. Within past laboratory experiments a "no-slip" boundary 

between the grains and matrix has been widely assumed (pennacchioni et aI., 2000). 

- 44-



However, more recent theoretical and experimental studies have suggested 

that slip at the boundary between the grain and matrix could significantly influence 

grain behaviour, more specifically, rotation (Ildefonse & Manktelow, 1993; 

Kenkmann & Dresen, 1998; Ceriani et aI., 2003). This low-viscosity layer 

(responsible for lessening coherence) between the grain-matrix boundary can 

considerably change rotational behaviours of grains when compared with a non-

slipping mode. Moreover, it has been argued that the presence of a low-viscosity layer 

between the grain and matrix is a real possibility in explaining the SPO's (discussed 

in Chapter 3.1) of the grain and any re-orientation that may occur (Pennacchioni et 

aI., 2001; Mancktelow et aI., 2002). Experiments have shown that the rotational 

behaviour of an elliptical grain with a lubricated grain-matrix interface is influenced 

by three main parameters. Firstly is the initial grain orientation with respect to the 

shear plane, followed by the volume of water around the grain (at the grain-matrix 

boundary), and lastly, the aspect grain'S ratio (ratio between the width and height of 

the grain). 

Laboratory analyses (an example of a typical set-up for this laboratory 

analysis can be seen in Fig. 23) have produced very consistent results concerning the 

influence of the initial orientation of the grain (MandaI et aI., 2002). Experiments 

conducted using lubricated grain-matrix boundaries indicated that initially grains 

orientated with their long axis (a-axis) parallel to the shear direction rotated 

~ ~. backwards (antithetically) during the first increments of stress (Arbaret et aI., 1996). 

However, as shear-stress begins to increase, grains first temporarily stabilize at an 
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angle between 100 and 208 0 to the shear plane and then start to rotate synthetically 

(forward) (Ceriani et aI., 2003; MandaI et aI., 2005). Antithetic rotation appeared to 

only take place during the first stages of the experiment and has been seen frequently 

within other analysis with the usage of lubricated-grain matrix boundaries under 

simple shear (Ildefonse & Mancktelow, 1993; Mulchrone 2007). Results from 

analyses conducted by Schmid (2002) have proposed that antithetic rotation should 

only occur when the thickness of the weak layer (presence of low-viscosity layer 

(water) between the grain and matrix) exceeds a minimum critical value. This critical 

value is ultimately a function of the viscosity contrast between matrix and lubricant 

(the larger the contrast, the more likely for the critical value to be reached and induce 

antithetic rotation) (Bose & Marques, 2004; Taborda et aI., 2004). 

During an experiment conducted by Ceriani et al. 2003, the extent of 

cohesion at the grain-matrix boundary appears to have been progressively reduced 

with increasing water content and as a result, may modify the thickness of the weak 

layer. This could potentially begin to explain the progressive decay in rotation rates 

observed in many experiments (Fig. 24), and further explain why prolate grains may 

ultimately lie parallel to shear direction (Lachinet et aI., 2001; Mancktelow et aI., 

2002; Ceriani et aI., 2003). Data collected from previous research has indicated a 

lubricated grain-matrix interface induced greater initial rotation (during simple-shear) 

followed by progressive rotational decay (Marques & Burlini, 2008). 

In conducting different "test-runs" using the same experimental procedure I 
I 
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(Fig. 24), during the first trial the long axis passes through the shear plane when 

compared to the second trial where the lubricant has lessened due to removal of it by 

"drying up" in fissures during rotation (Mulchrone 2007, Ceriani et aI., 2002). 

Removal of the lubricant correlates with increasing stress rates which in turn may 

generate tails or fissures (at the grain-matrix boundary located at ends of the grains a-

axis) to be developed around the grain causing the lubricant to become continuously 

removed from the matrix surrounding the grain into the extending tails, or fissures, as 

it rotates (Fig. 25) (MandaI et aI., 2005). 

Fig. 23: Indicates a typical set-up for experiments in which grain rotation within a lubricated 
(incoherent) population is analyzed. "Grains" are usually made from plastic or synthesized rock 
material while the "matrix" is composed of putty. The "lubricant" which has been widely used 
within these experiments has been liquid dish soap. The top and bottom of the shear box is 
sheared in such a motion to resemble simple shear (the top portion of the shear box moves to the 
right as indicated by the arrow, while the bottom moves to the left). 

(Marques et aI., 2008) 
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Soap Content = 31% 

I , 

-- -
(Ceriani et at, 2003) 

Fig 24: Image of two laboratory analyses using differing soap content levels (A-C using 22 %, 
while D-F using 31 %). A-B represents one shear test, B-C represents the second while D-E 
represents one shear test, E-F represents the second. It can be seen that the initial shear test for 
both soap content levels (A-B & D-E) rotated the most from their initial position respective to the 
shear plane. Within the second shear test (B-C & E-F) it can be seen very minimal rotation 
occurs, and the grain appears to align almost completely parallel to shear direction. Within B-F 
tails or fissures (gaps or voids at the reaches of the a-axis) can be seen, where ultimately 
lubricants may collect. 

(Samanta & Bhattacharyya, 2005) 

Fig. 25: Diagram depicting fissures generated during detachment where lubricants may collect 
(become removed from the grain-matrix boundary) resulting in reduction of rotation. It can be 
seen that as the degree of rotation becomes larger, the fissures also appear to grow (fissures have 
been marked with the use of a red arrow). 
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A clear explanation for changes in the rotational behaviour of grains cannot be 

deduced directly from laboratory experiments alone, however, at this time it is the 

best manner in which to collect theoretical data (Marques & Bose, 2004). Alternately, 

it can be said that from experimental procedures, water has the ability to alter rotation 

of a grain or populations of grains to a large degree, and is therefore a crucial 

component in analyzing rotation structures. 

3.4 Vortices and velocity 

The presence of a lubricant within the matrix is a crucial aid in possible vortex 

generation (Taborda et aI., 2004). Where a higher volume of water is available, this 

increases the likelihood of spinning/rotation patterns (due to drainage or water escape 

structures (WES) or re-orientation, and the generation of microstructures (rotation 

structures) to establish. Alternately, lower volumes of water inhibit initial vortex 

generation or grain rotation (Phillips et aI., 2006). Water escape structures such as 

rotational structures, are prime examples of structures generated with the aid of pore 

water within a ductile environment (Carr et aI., 2000; Phillips, 2006). 

Fig 26: A cartoon illustration indicating shear 
direction (represented by red arrows indicating antithetic 
rotation), a rotating clast within the middle along with a dotted 
blue line surrounding it. This dotted blue line indicates a 
lubricated surface allowing for vortex (or spinning resulting 
from detachment) to become generated along with the presence 
of shear. It is also important to note the fissures becoming 
generated at each end of the a-axis reaches. 
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It is important to consider shear direction and shear type when combined with 

pore water in the generation of vortices (Ceriani et ai., 2003). In Fig.20 it can be seen 

that a spinning movement of the largest clast (located in the centre) with the addition 

of shear and a lubricated surface aids in the movement or slip of the grain resulting in 

an incoherent (weakness induced by slippage) grain-matrix boundary (Marques et ai., 

2008). The addition of shearing components along with a lubricated matrix-boundary 

interface allows for rotation to commence with respect to shear direction while 

generating greater initial grain rotation (rotation will alter when water is decreased 

Chapter 3.3) (Marques & Burlini, 2008). Laboratory experiments conducted by 

Taborda et ai. (2004), revealed that water accompanied with shearing induces grain 

rotation, thereby creating a spinning motion which appears to be less in experiments 

that did not have a slipping boundary (a high degree of coherence and very low water 

content). This slipping boundary aids in the generating modified torision around a 

grain as it is able to rotate to a higher degree with the presence of an incoherent grain-

matrix boundary (Marques & Bose, 2004). 

A vortex can only be generated when either water or air is present and 

generates a whirling or spinning pattern induced by stress in which varying degrees of 

suction may operate (Marques & Burlini, 2008). As the degree of suction between 

sediments becomes stronger, this influences a stronger attachment between grains 

within the vortex, resulting in a stronger coherence between the particles. Within a 

matrix consisting of high a grain concentration it is very probable that vortices is 

consistently imposing stress at the grain-matrix boundary by altering strain fields 

- 50-



around these grains (by generation of torque created by vortices and stress during 

deformation), and thereby aiding in rotation (Fig. 27 & Fig. 28) (Taylor, 1923; 

Taborda et aI., 2004). 

Fig. 27: A photograph taken after an experiment has 
been conducted by Marques & Bose, 2004. It can be 
seen that as shearing (simple shear) has taken place, the 
"grain" rotated antithetically first and deformed the 
surroundings. Direction of shear can be seen by the red 
arrows, as well as the manner in which the grid has 
been distorted. It is also evident that closer proximity to 
the "grain" the grid appears to have bent around it 
generating a type of casement around it in a circle-like 
pattern, reminiscent of a vortex generation. 

(Marques & Bose, 2004) 

(Marques & Bose, 2004) 

Fig. 28: A prolate shaped grain rotating antithetically first, and then adopting a synthetic 
(forward rotation). It can be seen by the surrounding white arrows the direction of velocity and 
flow. Arrows closest to the grain become far closer together and indicate the highest 
concentration of pressure, which further induce rotation. 

Grain rotation aided by a vortex and velocity gradients allows for potential 

cohesion «factors inducing or reducing cohesion can be found within Chapter 3.1-

3.3) (grains may adopt an orientation relative to the flow of velocity within a vortex, 

generating a rotational pattern)) amongst closely positioned grains (Taylor, 1923; 

Zhang & Bjornerud, 1994). This rotational movement of grains aided by a vortex is 
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due to the stress-field that becomes altered around each grain effected which in turn 

creates a new stress and velocity profile around each grain (Fig. 28) (Shimammoto, 

1975; Taborda et aI., 2004). Once the stress profile around the grain has been 

disturbed, either full-detachment or partial-detachment (effected by grain size and 

shape) of the grain from the matrix can occur and commence further rotation thereby 

generating additional matrix stress (Taborda et aI., 2004; Mulchrone, 2007). 

Many laboratory experiments have been conducted (e.g. Schmid & 

Podladchikov, 2003; Taylor 1923; Zhang & Bjornerud, 1994; Marques & Bose, 2004; 

Taborda et aI. , 2004; and, Marques & Burlini, 2008, that have produced results 

indicating the presence of a vortex (further enhanced by the presence of a low

viscosity layer, or a weak layer between the grain-matrix boundary) that considerably 

alters the rotational behaviour of grains when compared with non-slipping modes due 

to higher coherence. A rotational motion allows for changes within the velocity fields 

surrounding the grain to occur (Ceriani et aI., 2003). This change in velocity 

surrounding the grain is mainly due to the distortion/alteration of the surrounding 

matrix as the grain rotates and can result in prolonged rotation due to incoherence 

(see Chapter 3.1-3.3 & Fig. 28) (Taborda et aI. , 2004). Omission of a vortex would 

not allow for rotation to commence to the same degree, therefore it is imperative that 

vortices are present in the creation of rotation structures. 

Previous analysis of rotation structures in terms of movement has not been 

published to date, and therefore, are open to different methods of analysis and 
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interpretation. It is surmised that by analyzing previous research concerned with grain 

rotation of both single grains and grain populations, this knowledge may be applied to 

grain movement within rotation structures. Knowledge of grain rotation coupled with 

usage ofNikon-NIS Elements software and visual analyses (Chapter4) made it 

possible to extract data from static photographs of rotation structures within thin 

sections evaluated. 
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Chapter 4: Research methodologies and data collection procedures. 

4.0 Introduction to methodologies 

A definitive explanation regarding rotational behaviour of rotation structures 

(and grains within the rotation structure) cannot be deduced directly from experiments 

as they are conducted within a "controlled environment" and not under natural 

environmental settings (Taborda et aI., 2004). Consequently, much regarding grain 

rotation is largely theory based, resulting in data which does not mirror a "real-life" 

scenario (Marques & Bose, 2004). Work concerned with rotation structures is 

currently lacking due to the relatively recent detection of these microstructures by van 

der Meer, 1996; Hiemstra & van der Meer, 1997; Menzies & Zaniewski, 2003, and 

Piotrowski et aI. 2006. Movement of rotation structures has been based on several 

different indicators (eg. Samanta et aI., 2003; Taborda et aI., 2004; Larsen et aI., 

2007; Marques et aI., 2008; Hart et aI., 2009 ) that determine the rotation of singular 

grains and have been applied to rotation structures as a way of analyzing any potential 

rotation. Research presented within this chapter and onward with respect to 

determining movement of rotation structures have been analyzed by the researcher 

solely unless otherwise specified. 

4.1 Thin section collection 

I I 
The process required in generating a thin section begins in the field with 

sample extraction. When the subject matter for analysis has been located within the 
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field, a Kubi"ena tin is then inserted into the sediment in order to extract an 

undisturbed sample (Fig.29). The objective of using a Kubi"ena tin (or various 

alternative sampling methods) is to preserve the undisturbed sample for future 

analysis. This impregnation process takes place with the application of an acetone-

based epoxy resin to penetrate through the sample (this process may take several 

weeks while in a vacuum oven to ensure all air and water is removed from pore 

spaces) (Fig. 29). 

Menzies, J. Petrographic Thin-Sectioning Lab. Brock University, Earth Sciences. 
http://www.brocku.ca/webfm_send/17695 

Fig.29: Image (A) depicts the usage ofthe Kubiena tin being pressed into the sample where the 
sample will remain until the laboratory. (B) depicts samples after they have been impregnated, 
and not yet cut. 

Once the samples have been impregnated, they are then able to be cut into 

smaller size similar to what their final dimensions may be. In order to cut the sample 

into the desired dimensions, a diamond tipped blade was used followed by the usage 

of a "lap wheel". The purpose of a lap wheel is to simply smooth out any rough 

surfaces or scratches generated during the cutting process, ensuring a smooth surfaced 

sample. At this time, the sample is then mounted on a glass slide and fastened with 
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epoxy followed by another cutting procedure which allows the sample to be cut to 

proper dimensions (26 mm x 46 mm with a thickness of 0.03mm). 

At this time the sample is viewed under a microscope to ensure that it is 

entirely flat, of even thickness and thin enough «35microns) to permit birefringence, 

as well as ensuring the sample is not damaged. Once the sample has passed 

inspection, a cover slip is then placed atop the sample (Fig. 30). Once this procedure 

has been conducted, the end result is a thin section. There are, however, errors that 

frequently may occur during the thin section creation process. Air bubbles may 

develop within the epoxy between the cover slip and the sample (during the final 

stages of thin section creation), and if this is the case, the sample may not be useful. 

Fig.30: An illustration showing how the 
"rock sample" is situated between two 
layers of epoxy and a cover slip. 

ROCK SAMPLE COVER 

\ "SLIP 

........... I;--EPOXy 
L-____ ~G~~~s~SS=LI=DE~ _______ 1 

Seven thin sections were then randomly chosen from a large data set of over 

1500 thin sections. Within these 7 thin sections, 28 rotation structures were detected 

yielding 517 data (see Fig. 31). In order to analyze the information extracted, two 

methods were used: a) a quantitative analysis conducted by the usage ofNikon-NIS 

Elements software (in order to obtain numerical data such as angles of rotation) and 

b) a visual analysis (used for detection ofpattems indicative of rotation or inhibiting 

rotation). These methods used for data extraction have been outlined below. 
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Fig.31: Example of grains chosen for data collection. The red circle indicates a grain within the 
North (N) quadrant, green circle indicates a grain within the East (E) quadrant, the blue circle 
indicates a grain within the South (S) quadrant, and the pink circle indicates a grain within the 
West (W) quadrant. All rotation structures had data extracted from each (N,E,S,W) quadrants. 
Alternately, some rotation structures were composed of a "centre-grain" which is shown by the 
letter "c" within this image. In the event a rotation structure had a centre-grain, data would be 
collected and evaluated. After all rotation structures were evaluated (7 thin sections yielding 28 
rotation structures), totalling 120 pieces of information had been collected in the manner shown 
here. 

4.2 Capturing an image for analysis 

A large benefit ofNikon NIS- elements software is that the image may be 

"captured" (a photo is generated) as it appears within the thin section without 

additional noise (disfiguring/distortion of the image generated by low quality image 

capturing) which may otherwise result in a poor thin section photo. The software 

generates the photo of the thin section by capturing portions of it which are then 

pieced together to obtain an image of the thin section in its entirety if desired. 

In order to capture an image for analysis the following steps were taken. 

Within " live camera mode" the best resolution/focus of the thin section desired was 

achieved by adjusting the parameters (degree of zoom, clarity, sharpness found within 
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the "binary editor" tool) to obtain a clear image. For the purpose of this thesis, the 

images taken were at a 75x magnification at 600x800 pixels, resulting in the clarity of 

a thin section shown in Fig 32. 

Fig. 32: Depicts a captured image using Nikon - NIS Elements software. 

Once an image was captured, in order to measure the angle of rotation the 

"measurement tool" was selected. Within the "measurement tool" selection, the 

option for "angle" was then chosen. The purpose of using the "angle" tool was to 

obtain numerical data that would indicate if any rotation has occurred in reference to 

any deviation from an arbitrary axis (this method of data collection has also been used 

by Ceriani et al. 2003 and Marques & Bose, 2004). After the angle was calculated by 

the software program, the same procedure was repeated in four different sections 

(N,E,S,W) of the rotation structure and if applicable, the grain within the centre of 

the rotation structure (centre-grain). 
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Four grains were chosen to have their angles measured (aside from the centre

grain if applicable) due to their location around the rotation structure (in doing so, 

each side of the rotation structure will indicate an angle of rotation from a grain, 

aiding in discerning potential rotation). Not all rotation structures analyzed contain 

large numbers of grains (the number of grains within the rotation structure largely 

coincides with the size of the rotation structure, and grain size), therefore, analyzing 

one grain within each quadrant (Fig. 31) allows for more rotation structures to be 

analyzed with less dependence on structure size. The reasons mentioned above were 

the deciding factor in choosing to analyze one grain within each cardinal point of the 

rotation structure and if applicable, a centre-grain. 

4.3 Data extraction using Nikon- NIS elements software 

After a photo had been captured of the portion of the thin section containing 

rotation structures, the software program was then used in order to determine angles 

of rotation depicted by grains within the rotation structure (Fig. 31). The grains 

chosen to be measured had to comprise a portion of the rotation structure (within the 

N,E,S,W quadrant location), within a neighbouring grainstack, or a closely positioned 

grain with reference to the rotation structure. In order to be useful for analysis, the 

grains had to encompass a more prolate (elongated oval) shape: grains that did not 

meet this criterion within the rotation structure were not measured. If a rotation 

structure lacked a prolate shaped grain at the cardinal points (N,E,S,W), a 
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neighbouring grain (as close as possible to the cardinal point in question) was 

measured (Fig. 34). Within Fig. 33 & Fig. 34 two rotation structures can be seen with 

reference to selecting appropriate grains in which angle measurement would be 

useful. 

Fig. 33: Indicates grains (prolate shaped) within a 
rotation structure with the omission of a centre
grain located at the North (N) East (E) South (S) 
and West (W) quadrants. A-axis are represented by 
the blue and yellow dashed lines in order to indicate 
the shape of the grains chosen at these specific 
locations. The rotation structure has been indicated 
by a red box. No centre-grain was present within 
this sample. 

Fig. 34: Indicates grains which are not useful to 
analysis due to their spherical shape (outlined in 
red). It is then necessary to use neighbouring 
grains indicated with a dotted blue and yellow line 
(as well as the centre-grain), while the rotation 
structure has been shown within the red box, to 
show which grains were used instead for analysis. 
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A grain in the north, east, south, and, west quadrants and if present, a centre-

grain (a grain sometimes found within the middle of the rotation structure as 

discussed in Chapter 2.4) (Fig. 31) (totalling 140 data measured within the rotation 

structure), had their angles measured from an arbitrary axis indicated in Figs. 35-37 
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(this method had been previously conducted within laboratory experiments in order to 

determine rotation by Marques & Bose, 2004). The reason for using an arbitrary axis 

is due to the fact that analyses (data-extraction) was conducted from static images in 

which rotation is not dynamically occurring, by using an arbitrary axis this enables 

possible rotation to be measured (Samanta & Bhattacharyya, 2003 ; MandaI et aI., 

2005). In order to determine where this axis (point in which to measure rotation of 

each grain) would be placed in respect to the grain, the meeting point (0°) of the x and 

y axis would line up with the end of the a-axis which is dipping downward (or closest 

to the 0° point of the arbitrary axis) (Figs. 35-37) (Marques & Bose, 2004). 

Research by Arbaret & Mancktelow et al. (2001) implied that the "dipping 

point" (the end of the grains a-axis which is closest to the 0° on the arbitrary axis) of 

the grain contains higher stability and rotate around this central point (possibly due to 

greater grain-matrix cohesion at this boundary). The point of the a-axis which is 

opposite the 0° intersection is believed to have the greatest rotational/movement 

potential while the location of the grain at the 0° point remains less mobile (theory of 

centripetal force) (Chapter 3.1,3.2,3.3, and Fig. 23 & Fig. 35) (Ceriani et aI., 2003; 

Marques & Bose, 2005; MandaI et aI., 2005). Therefore, choosing the juncture at 

which the "x" and "y" axes meet appears to be the most appropriate spot for the 0° 

point of the arbitrary axis to be placed (Fig. 35). 
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(Modified from Marques & Bose, 2004) 

Fig. 35: Experimental set-up from laboratory experiments conducted by Marques & Bose (2004), 
indicating the set-up used for collecting data discerning rotational direction of grains within this 
thesis. It can be seen that the point at which the red lines intersect is the middle of the grain 
(halfway along the a & b-axis respectively). The green "x" represents the opposite end of the a
axis which is not dipping downwards (this reach of the grain is thought to rotate around the 
dipping point located at the 0° mark). The yellow two headed arrow discerns the a-axis reaches 
while the white arrow indicates possible rotational direction from that reach of the a-axis. The 
blue axis indicate a superimposed axis which extends the scope of measurement of rotation (both 
red axis and blue axis would depict the same level of rotation once measured). The degree of 
rotation would be the same when using the measurement along the dotted red line as it aligns 
perfectly with the solid red line. 

Fig 36: Indicates the positioning of the a-axis measurement in 
reference to the arbitrary axis. The blue arrow indicates the 
a-axis of the grain and the point of rotation (point of dip) is 
marked by the 0" at the "x" & "y" intersection. The green 
arrow represents the direction of rotation which is being 
observed from this grain 

Fig. 37: Data extracted from a thin 
section which indicates the North, 
East, South & West quadrant 
locations of measurement within a 
rotation structure. Within this 
particular rotation structure there is 
no centre-grain. Angles of rotation 
can be shown by the red arrows and 
the degree of rotation which has 
been calculated by Nikon-NIS 
elements software. 
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It is imperative that a grain at each co-ordinate (N,E,S,W and if applicable the 

centre-grain) is evaluated rather than a single grain as an analysis of one grain (grains 

within the rotation structure) would not provide sufficient data to confidently state if 

any pattern in respect to grain positioning (or rotation) appears to be evident 

(Marques & Bose, 2004). Matrix-cohesion strength was an important factor in 

measuring angles of grain rotation within the specific quadrants previously 

mentioned. Work by Samanta & Bhattacharyya (2003), Taborda et a1. (2004), MandaI 

et a1. (2005) and Marques et a1. (2005) state that grains will usually adopt SPO's 

(shape preferred orientation discerned by alignment of the a-axis of the grain, 

reviewed in Chapter 3.1) based on water as a lubricant, matrix cohesion, grain 

population density, velocity, grain size and shape, as well as shear (duration, strength, 

and type). It is consistently seen within laboratory studies that these factors effect 

many grains within the matrix pertaining to movement or rotation. As a result, the 

idea that grains act as a group or unit (when motion or rotation is concerned) rather 

than solely, has been applied in an attempt to discern grain rotation within a rotation 

structure (e.g. if a grain in the east quadrant appears to have rotated a great deal, a 

grain within the south quadrant may also portray a large amount of rotation). 

4.4 Visual analysis 

To date there is a lack of data-collection methods with regards to rotation 

structure movement (rotation structures have however been investigated by MandaI et 

a1. 2005; Larsen et a1. 2007; Kilfeather et a1. 2010 and Menzies et a1. 2010). 
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Incorporating a quantitative analysis with a visual analysis allows for more accurate 

estimates of rotation structure movement to be achieved. Rotation structures (like 

other microstructures) exhibit a pattern generated by grain arrangement (Kilfeather et 

aI., 2010). 

Fig. 38: Indicating a proper rotation structure for 
analysis. It can be seen grains have adopted a tight 
circular pattern around the central portion of the 
structure and have encased the middle giving a "flower
like" appearance. Grains within a rotation structure 
should almost be touching, or have contact with 
neighbouring grains forming the outside ring of the 
rotation structure. 

Fig. 39: A grouping of grains that may vaguely 
represent a rotation structure, which is unuseful for 
analysis. It can be seen by the blue dotted lines 
(connecting the grains forming the outside of the 
structure) that there is far too much space between them 
for this to be a rotation structure. 

4.5 Lineations and grainstacks within thin sections 

Grain lineations are common within subglacial tills under ductile 

deformational processes (Hiemstra & Rijsdijk, 2003). Grains adjacent to a lineation 

will tend to rotate their a-axis in alignment with shear zones, making them useful 
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indicators of grain rotation, or shear direction. (Chapter 3.0, Fig.2, Fig. 12, Fig. 41) 

(Hiemstra & Rijsdijk, 2003; Menzies et aI., 2006). Grain behaviour in regards to 

placement along the span of a lineation makes it possible to gain insight into potential 

grain rotation by analyzing the manner in which the a-axis alignment of grains are 

situated (similar to that of spa as noted in Chapter 3.1). 

The environment in which lineations are formed (sediments subjected to 

varying shear- stress zones), are very similar to that of rotation structures and 

therefore acts as a potential aid in locating rotation structures within a sample (Hooke 

& Iverson, 1995). In previous research it was indicated that very frequently the 

presence of lineations along with grairistacks is almost always accompanied with 

rotation structures, indicating a link between these microstructures (Iverseon et aI., 

2007, Marques & Bose, 2004). Lineations usually appear to have been positioned 

relatively close to rotation structures (Fig. 42) (due to similar velocity and shear

stress requirements needed in order to generate rotation structures) and are therefore 

very useful microstructures to indicate a potential rotation structure location (Fig. 40) 

(Larsen et aI., 2007). A lineation within a thin section appears as a "hair-line" space 

between grains that run as a line which mayor may not be curved (Menzies et aI., 

2006; Larsen et aI., 2007). Lineations have been divided into two different categories: 

(a) single lineations, and, (b) multiple-direction lineations, which consist of two or 

more cross-cutting single lineations (Fig. 42) (Menzies et aI., 2006). 
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Fig 40. A cartoon illustration depicting lineations 
alongside a rotation structure. Red dotted lines 
indicate the lineations, while arrows above and 
below indicate shear direction. Arrows surrounding 
grains (or rotation structure within the centre) 
indicate potential rotation of the grain itself. 
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Fig. 41: A lineation has been indicated to the left of 
the dotted red line, and further noted by the usage 
of arrows. The lineation appears as a "hairline" 
separation between grains (it almost appears as 
though it is a "crack", although it is not). 

Legend 
S-matnx microstructures 

~" multiple·direction lineation fmol} ,-.. . 

x crushed grain (ee) 

turbate structure Itu) 

~rain stack (!IS) 

Fig. 42: Indicating the close presence of rotation 
structures or (turbate structure,), to that of 
lineations as well as grainstacks. It can be 
clearly seen that rotation structures are indeed 
very closely positioned to both grainstacks as 
well as lineations, and therefore serve as a good 
indicator in locating a potential rotation 
structure. Furthermore, the placement of the 
lineations in respect to rotation structures may 
provide information in regards to direction of 
rotation due to placements of lineations and 
grainstacks. 

(Larsen et aI., 2007) 
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Due to the useful aid lineations provide in locating rotation structures as well 

as shedding light on potential grain rotation (grains within close proximity to a 

rotation structure), they have been used as one of the key "visual analysis" credentials 

(in discerning rotation structure location and possible movement when alignment of 

a-axis are evaluated). Lineations are very rarely seen without the presence of 

grainstacks located within the same sample (Hiemstra & van der Meer, 1997). Unlike 

lineations, grainstacks tend to develop obliquely to shear strain and can therefore act 

as a potential aid in discerning rotation of grains along with lineations (Carr et aI., 

2000, Hart et aI. , 2006). 

Grainstacks essentially resemble stacks of grains or "grain bridges" (Fig. 43) 

(Iverson et aI. , 1996). In order for a grainstack to be qualified as such, the criteria in 

this thesis is as follows: (a) must consist of at least 5 or more grains, (b) grains must 

be very closely positioned if not touching the neighbouring grain, (c) grains do not 

need to form a straight line, they must form a sinuous line, (d) omission of a size 

restriction concerning size of grains within the grainstack. Much like lineations, 

grainstacks tend to be found in environments similar to that of rotation structures and 

therefore act as another useful visual aid in determining location or possible rotation. 

Within Fig. 42, it is quite noticeable the proximity of grainstacks (as well as 

lineations) to that of rotation structures, and further solidifies the connection between 

rotation structure placement and positioning of grainstacks and lineations. 
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Fig. 43: Indicates a grainstack or "grain bridge" to 
the left of the dotted line, further made visible by the 
addition of red arrows. This grainstack adequate as it 
contains more than five very closely (if not touching) 
grains aligned. It can also be seen that their a-axis are 
almost all pointing in the same direction as the 
neighbouring grain. 

4.6 Implementing lineations and grainstacks into the visual analysis 

In order to apply grainstacks and lineations as a method of visual analysis in 

discerning rotation structure movement, it is first necessary to detect them in the 

sample being evaluated (examples of lineations and grainstacks may be seen in 

Fig. 41-43). Once grainstacks or lineations have been found, it is useful to scan 

around those microstructures for a rotation structure, as quite often lineations and 

grainstacks are found closely positioned to rotation structures (Fig. 44 & Fig. 45). 

(Larsen et aI., 2007) 

Fig. 44: A captured image indicating a "before" and "after" 
location of grainstacks (blue lines), lineations (black dashed 
lines) and rotation structures (red circular lines). After the 
image has been evaluated for these microstructures it is 
then analyzed for grain a-axis orientation of not only the 
rotation structure itself, but also of any visible lineations 
and grainstacks. In evaluating the SPO of grains within 
these microstructures it allows for a more accurate analysis 
of movement. 
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Fig.4S: Indicating grain a-axis (in blue) and 
similarities of their positioning with grains in 
the rotation structure (outlined in yellow) 
closest to the grainstack (red dotted line). It can 
be seen that grains on the east side of the 
rotation structure and grains that make up this 
potion of the grainstack have essentially the 
same a-axis alignment. 

After locating a grainstack or lineation, the direction of the a-axis of the grains 

closest to the rotation structure can then be ascertained (Fig. 45). If grains were found 

to exhibit similar a-axis orientations within closely positioned grainstacks and 

lineations in regards to rotation structures, there is a potential that these 

microstructures may have been rotating in the same direction (similar a-axis 

orientation to a rotation structure and a grainstack can be seen in Fig. 45). Because 

grainstacks form obliquely to shearing direction and are often found to the east or 

west (of the rotation structure, Fig. 45, Fig. 44, Fig 46), while lineations appear to run 

across the north and south (of the rotation structure, Fig. 44 & Fig. 46), this formation 

appears to form a "box" around the rotation structure. 

The importance of analyzing the positioning of the grain's a-axis within 

grainstacks and grains beside a lineation close to a rotation structure serves as an 

important indicator in discerning grain movement (Taborda et aI., 2004). In analyzing 

grain positioning within these microstructures it may allow for a more detailed 
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analysis concerning any potential rotation within the rotation structure. Grains 

positioned closely to one another of relatively same shape and size (neighbouring 

grains or grains in populations, see Chapter 3.1 & Chapter 3.2) have been shown 

through numerous laboratory analysis, to behave similarly when under similar shear-

stress regimes and conditions (Marques & Bose, 2004; MandaI et aI., 2005; Carr et 

aI., 1998). 

4.7 Obstructions 

(Menzies et ai., 2006) 

Fig: 46. Another example of locating microstructures 
(lineations, grainstacks and rotation structures) after an 
image has been captured. Once again it can be seen that 
these three microstructures appear to almost always exist in 
the same sample analyzed. 

An "obstruction" is simply as the name suggests: something that obstructs 

(blocks) and provides a hindrance to matter usually in regards to movement (Gao & 

Collins, 1994). No analytical procedures recorded to date have been implemented in 

using surrounding obstructions to discern rotation structure movement. 
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An obstruction in terms of presence in subglacial sediment for the purpose of 

this thesis has been noted as: a grain which is situated within close proximity to the 

microstructure in question which is least 4 times the size of any grain within the 

rotation structure (Fig. 47). This size limit was placed on the obstruction due to 

research conducted by Masuda et al. (1988), Ghosh et al. (2003), and Zuriguel & 

Mullin, (2008) who all note that particles approximately 3 times the size of 

surrounding particles tend to hinder surrounding movement and may ultimately act as 

a "shield", providing a level of protection from surrounding stress. The notion put 

forth that large particles (grains), may act as a hindrance in regards to possible 

movement of surrounding grains proved to be a useful visual aid. Past research 

analysis indicated a size limit of 3 times the size greater than surrounding particles 

within a vacuum sealed experiment, not within a subglacial environment. For the 

purpose of rotation structure analysis within this thesis, the size limitation of 

obstructions was raised to 4 times the size of surrounding particles rather than 3. This 

is based on the thought that rotation structures are usually larger than singular grains 

within till and therefore, may be more resistant to movement. 

Fig. 47: Indicates obstructions noted as red "x" marks 
through grains which are at least 4 times the size of grains 
located within the rotation structure (surrounded by a 
yellow circle). 
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Once the rotation structure has been located, it is then appropriate to locate 

any obstructions which may be neighbouring it (Fig. 47). In the event an obstruction 

is found, analysis of the direction (or SPO) of the grain's a-axis within the rotation 

structure and grains located between the obstruction and rotation structure can be 

conducted. The purpose of analyzing a grain's a-axis position between the obstruction 

and rotation structure is to determine if they are similar to grains within the rotation 

structure closest to the obstruction (if an obstruction closest to the east quadrant of the 

rotation structure exists, if grains within the east quadrant have a similar SPO). In 

doing so, this allows for any connection with neighbouring grains to be evaluated for 

either consistency of grain movement within the rotation structure in regards to any 

neighbouring grains, and/or obstructions. If there appears to be no correlation 

amongst grains between the obstruction and the rotation structure, it may hold 

true to the notion that the obstruction has indeed acted as a "shield" and ultimately 

protected the rotation structure in the quadrant (N,E,S,W) closest to the obstruction 

(hindering movement or rotation of grains) (Masuda et aI., 1988; Taborda et aI., 

2004). 

In executing the above methodologies, it is possible to gain more accurate 

insights into grain rotation within the rotation structure, and the rotation structure 

itself. Methodologies including a visual analysis consisting of: (a) grain patterns (and 

SPO) within the rotation structure and those neighbouring, (b) usage of other 

microstructures as indicators of movement (lineations, grainstacks), (c) usage of 

obstructions, and (d) the implementation of a co-ordinate system in which to record 

-72 -



the proximity and direction of the grain or microstructure in regards to the rotation 

structure. In implementing quantitative components of the methodologies used by 

means ofNikon-NIS elements software, it is possible to discern: (a) grain rotation 

measured by means of an arbitrary axis within the rotation structure, (b) grain rotation 

within grainstacks or neighbouring grains, and (c) any trends resultant of grain 

measurements when combined with visual analyses methodologies. 

Methodologies outlined within this chapter made it possible to extract data 

from static images of rotation structures within thin sections. Combining both the 

visual analyses components with usage ofNikon-NIS Elements software, data was 

extracted in regards to possible grain rotation within the rotation structure as well as 

grains neighbouring the rotation structure, as well as neighbouring lineations, 

obstructions, or grainstacks. Data compiled by means of methods mentioned above 

can be found within the following chapter. 
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Chapter 5: Compilation of data through Nikon NIS-Elements software & visual 
analyses. 

5.0 Results 

Results compiled within this chapter were extracted through two categories of 

data collection analyses. First, in using Nikon NIS-Elements software quantitative 

data was extracted from thin section photographs (Chapter 4). Four grains in 

respective (N,E,S & W) quadrants of the rotation structure had their "dipping point" 

(the juncture ofthe "x" & "y" axis, or the 0° point on the arbitrary axis) measured in 

degrees (Figs. 31 & 37). Secondly, a visual analysis was conducted (Chapter 4) and 

analyzed qualitative data of the rotation structure such as the presence of lineations, 

grainstacks, obstructions, orientation of neighbouring grains surpassing the rotation 

structure boundary, orientation of grains within the rotation structure, as well as any 

visible patterns indicative of re-orientation or grain movement. It is crucial to 

incorporate both forms of analysis (qualitative and quantitative) in postulating 

rotation structure movement and formation due to the fact that rotation structure 

analyses are to date, limited, and in incorporating two types of evaluation would 

provide greater detail. Within this chapter findings from both the visual analyses as 

well as data extracted from Nikon NIS-Elements software procedures are presented. 
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5.1 Data compiled from Nikon-NIS Elements software 

Data presented in the following Fig. 48 indicates data compiled using Nikon 

NIS-Elements software. Each rotation structure had grains within the N ,E, W, & S 

quadrants measured at the "x" & "y" axis juncture (Chapter 4). Each dataet indicates 

a numerical value depicting degree of rotation of that specific grain within the 

respective quadrant indicated. Values highlighted within purple indicate a rotation 

structure which did not encompass a "centre-grain". 

Sample Number Quadrant Location 

North East South West Centre-grain 
(All measurements are angles of rotation in degrees) 

1a 37 33 11 38 7 
1b 71 45 50 18 120 
1c 111 16 95 130 0 
1d 87 91 163 49 39 
1e 39 94 162 58 0 
2a 32 144 112 120 37 
2b 144 88 31 41 0 
2c 88 133 132 130 e 
2d 92 67 88 110 68 
3a 112 7'1 143 91 0 
3b 131 40 21 110 147 
3c 104 115 29 90 135 
4a 75 29 46 91 79 
4b 102 55 22 100 149 
4c 131 142 147' 57 e 
4d 29 24 71 43 116 
5a 87' 53 49 120 0 
5b 118 7 120 99 164 
5c 37 59 107 117 114 
5d 114 110 97 121 161 
5e 98 40 75 130 0 
6a 52 64 21 18 157 
6b 146 67 88 131 0 
6c 137 30 156 125 0 
6d 229 151 jl)3 124 0 
7a 92 86 84 98 45 
7b 87 23 59 87 27 
7c 45 120 106 105 0 

Flg.48: Degrees of rotation mdlcated by grams wlthm theIr respectIve quadrants. 
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The following chart (Fig.49) presents both qualitative and quantitative data. 

Grains within grainstacks have been measured using Nikon NIS-Elements software 

and the range of grain orientation indicated. For example, within sample le, grain 

rotation within a grainstack is shown as having a range of 340 -780
, indicating grains 

with those degrees of rotation. The next column depicts the angle of grain rotation 

within the rotation structure quadrant closest to the grainstack. Using the example of 

sample le, the angle of rotation of the grain within the grainstack (within the first 

column) can then be compared to the angle of grain rotation within the rotation 

structure within the respective quadrant. In comparing both columns with each other 

similarities in grain rotation or grain orientation can be seen. The last column has a 

qualitative approach in that the direction of the neighbouring grainstack was 

determined in using a co-ordinate system (Fig.SO). In some samples more than one 

grainstack was seen and have been discerned as: "(1)" and/or "(2)". Sample le 

indicates that a grainstack is positioned south of the rotation structure and spans a SE 

(south-east) orientation. Values bolded in red indicate data within grainstacks either 

below or exceeding values in regards to angle of grain rotation within the respective 

rotation structure quadrant. 
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Range of orientation of Angle of rotation of grain 
Sample grains within grainstack in quadrant closest to 
Number (in degrees) grainstack (in degrees) Direction of nearby grainstack 

1a (1) 30-57, (2) 27-49 38W, 37 N West ofRS: (I) NNE, (2) ENE 

1b (1) 34-61, (2) 43- 54 45 E, 50S East ofRS: (I) NNE, (2) South ofRS, SW 

1c 34-78 16E,95S South ofRS: SE 

1d (1) 42-70, (2) 156-86 49 W, 163 S, 91 E West ofRS: (I) NNW, (2) South ofRS, SE 

1e 86-154 162 S, 94 E South ofRS: SW (2) SE 

West ofRS: SW and curving up NNE on right 
2a 87-116 120W, 32 N side of grainstack 

2b (1) 75-91, (2) 69-76 88 E, 144 N East ofRS: (1) ENE, (2) NNE 

2c 77-105 133 E, 88N East ofRS: NNW, curving to the left above RS 

South ofRS: WoE, curving up on east side 
2d 41-81 88 S, 67 E (NE) 

3a 62-108 71 E, 112 N East ofRS: ENE, curving on east side (NE) 

3b 93-124 110W,131N West ofRS: NNW, curving to the west (NW) 

3c 34-56 29 S, 115 E South ofRS: SSW 

4a None 

4b None 

4c 120-157 131 N, 142 E North ofRS: ENE, curving down to east-side 

4d None 

5a 38-74 49 S, 53 E South ofRS: running diagonally (ESE) 

5b None 

5c None 

5d 74-102 110 E, 114 N East ofRS: ESE 

5e (1) 62-89, (2) 74-110 75 S, 98 N South ofRS: (I )SSE, (2) North ofRS: SE 

West ofRS: (I) NNE & curving over, (2) East 
6a (1) 22-53, (2) 59-73 18 W, 64 E, 52 N ofRSNNW 

South ofRS: SW with east side of grainstack 
6b 72-103 88 S, 67 E curving ENE 

6c (1) 109-145, (2) 34-60 125W,E 30 West ofRS: (I)SW, (2) East ofRS, NE 

6d 112-146 124W, 229 N West ofRS: NNW 

7a 179-204 221 E, 247 N East ofRS: SE 

7b 128-169 151 E, 110 N East ofRS: NNE 

7c (1) 97-134, (2) 108-152 120 E, 106 S East ofRS: (I) NE, (2) South ofRS, NE 

Fig_ 49: Grain orientations encompassed within grainstacks and overall proposed orientation, 
along with proximity to the rotation structure. Red values indicate grains either exceeding both 
values (in terms of angle of rotation of nearest grain within the respective quadrant) or below 
both values. 

5.2 Visual analysis results 

Data extracted from thin sections using methodologies presented within 

Chapter 4 included the presence of lineations, grainstacks, obstructions, 

neighbouring grain orientation, grain orientation within grainstacks, and presumed 
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direction of rotation. Fig. 50 indicates cardinal points used in discerning 

orientation/direction and in determining orientation of lineations, grainstacks, and 

positioning of obstructions in regards to rotation structure proximity. Data extracted 

from the visual analyses largely depends on what is seen with the naked eye while 

analyzing thin section photographs. For example, sample 4a indicates a lineation 

located below the rotation structure spanning SE, as well as another lineation above 

spanning NW, as noted within the first column of Fig. 51. The second column depicts 

grainstack location (by using the co-ordinate system in Fig. 50) and indicates there 

are no grainstacks close to the rotation structure within sample 4a. Fig. 52 is a 

continuation of Fig. 51 and depicts that within the first column there are 2 

obstructions close to the rotation structure within sample 4a, the first being east of the 

rotation structure, and the second located to the SW of the rotation structure. The final 

column shows postulated rotation structure movement after combining all data from 

Nikon NIS-Elements software with values extracted through the visual analysis. 

Fig.50: Indicating cardinal points used for orientation/direction of components within the "visual 
analysis". 
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Fig. 51: First portion of data extracted from the visual analysis. 

Sample Lineation location within proximity to Grainstack Location 
Number rotation structure (RS) 

1 la Beneath RS running S W West ofRS: (1) NNE, (2) ENE 

2 Ib Beneath RS running SE & above RS running NE East ofRS: (1) NNE, (2) South ofRS, SW 

3 Ie Beneath RS running SE & above RS running NE South ofRS: SE 

4 Id Beneath RS running SW & above RS running E- West ofRS: (1) NNW, (2) South ofRS, SE 
W 

5 Ie Beneath RS running SW & SE South ofRS: SW (2) SE 

6 2a Above RS running SW & NE & beneath running West ofRS: SW and curving up NNE on right 
SW side of grainstack 

7 2b Below RS running SW & beside running NE East ofRS: (1) ENE, (2) NNE 

8 2e Above RS running NW & below running SW East ofRS: NNW, curving to the left above RS 

9 2d Above RS running NE & below running SW South ofRS: WoE, curving up on east side 
(NE) 

10 3a Below RS running NW East ofRS: ENE, curving up on east side (NE) 

11 3b Below RS running NE & above running NW West ofRS: NNW, curving to the west (NW) 

12 3e Below running NW & above running NW South ofRS: SSW, curving to NNW over RS 

13 4a Below running SE & above running NW None 

14 4b None None 

15 4e Above running SW North ofRS: ENE, curving down to east-side 

16 4d Below running SW & above running NE None 

17 5a Below running SW & above running NE South ofRS: running diagonally (ESE) 

18 5b Above running SW None 

19 5e Above diagonally NW & below running SW None 

20 5d Above and below RS running NW East ofRS: ESE 

21 5e Above RS running SW & to the left running South ofRS: (I) SSE, (2) North ofRS: SE 
(continues under) NW 

22 6a Above & below RS running NW West ofRS: (1) NNE & curving over, (2) East 
ofRSNNW 

23 6b Above running NW & below running SE South ofRS: SW with east side of grains tack 
curving ENE 

24 6e Above & below RS running NW, beside running West ofRS: (1 )SW, (2) East ofRS, NE 
NNE 

25 6d Above & beside RS running NW West ofRS: NNW 

26 7a Above & below running NW, left ofRS running East ofRS: SE 
NE 

27 7b Above running NW East ofRS: NNE 

28 7e Above & below running NW East ofRS: (I) NE, (2) South ofRS, NE 
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Fig. 52: Second set of data extracted using the visual analysis methodologies. 

Sample Obstructions Presumed rotational direction of 
Number (in reference to rotation structure (RS)) rotation structure 

1 la NNE Clockwise 

2 Ib None Counter-clockwise 

3 Ie NE&WNW Counter-clockwise 

4 Id None Clockwise 

5 Ie NE & WNW Counter-clockwise 

6 2a SE Counter-clockwise 

7 2b None Counter-clockwise 

8 2e SSE Counter-clockwise 

9 2d SE Counter-clockwise 

10 3a NE Clockwise 

11 3b ESE Counter-clockwise 

12 3e NW Counter-clockwise 

13 4a E&SW Clockwise 

14 4b NW&SE Counter-clockwise 

15 4e SE Counter-clockwise 

16 4d ESE&W Counter-clockwise 

17 5a NW&W Counter-clockwise 

18 5b SW Counter-clockwise 

19 5e NNW&SE Counter-clockwise 

20 5d SW Counter-clockwise 

21 5e NW Counter-clockwise 

22 6a SSW&WSW Counter-clockwise 

23 6b ESE&N Counter-clockwise 

24 6e NNE Counter-clockwise 

25 6d NNW&NW Counter-clockwise 

26 7a SSW Clockwise 

27 7b SSW&S Clockwise 

28 7e SSW, NNW, W Counter-clockwise 
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In summary data revealed that 21 % of rotation structures exhibited 

synthetic rotation, while 79% accounted for antithetic movement. Sixty-seven percent 

of synthetic rotation structures were made up of 72% of grains less than 90°, while 

23% of antithetic rotation structures had grains less than 90°, with 77% of grain 

angles greater than 90°. Angles of rotation by use of an arbitrary axis revealed 100 

-

208 0 accounted for 86% of grains measured. Visual analysis concluded that 72 % of 

antithetic rotation structures had an obstruction to the west while 50% of synthetic 

rotation structures had an obstruction to the east, (remaining 50% had obstructions to 

the north, or south-south-west). Eighty-four percent of grainstacks shared similar 

grain angles to the closest positioned grain within the rotation structure while 31 

grainstacks neighboured a total of 28 rotation structures evaluated. 

Data displayed within this chapter depicts possible grain rotation of single 

grains within the rotation structure quadrants used as indicators of rotation structure 

movement, as well as qualitative data though the visual analyses. Combining data 

extracted using Nikon-NIS Elements software and visual analyses with factors known 

to induce rotation (Chapter 3), it is possible to gain insight as to the direction of 

rotation structure movement (see Chapters 6 & 7). 
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Chapter 6: Factors influencing grain rotation within, and, neighbouring the 
rotation structure. 

6.0 Deformation mechanics responsible for rotation structure formation 

Rotation structures within subglacial sediments are created under specific 

conditions during depositional processes causing categorization as ductile 

deformation microstructures (van der Meer 1994; Menzies & Maltman, 1992). A 

crucial component in the generation of rotation structures is the presence of a 

deforming sediment layer at the subglacial bed interface (Chapter 2). It was proposed 

by Phillips (2006), that rotation structures may result from the flow consisting of a 

mixture of pore water and sediment at the ice/bed interface that generates a rotational 

pattern during deformation. As the deforming sediment is sandwiched between the 

sole of the ice mass and the subjacent bedrock or immobile sediment it then becomes 

subject to the added pressure of shearing due to overlying ice mass. Grains within the 

deforming sediment can then begin to differentially move as a type of "wheel" or 

"rotational cell" pattern within the matrix, forming a distinctive rotational pattern 

(Fig. 53) (van der Meer, 1996). 

Fig. 53: interpretation of the impact of shear 
strain generating a rotation structure. Shearing 
occurs parallel to the cluster of grains, this has 
the potential to cause rotation within the shear 
zone located between the shearing planes 
(thereby creating the "wheel" of movement. 

(Larsen et aI., 2007) 
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Processes that induce ductile deformation are able to create a setting for 

rotation structures to evolve, unlike environments which induce sliding of particles (a 

process which decreases friction). In an experiment conducted by Hiemstra & 

Rijsdijk (2003), they found that as the sediment composing the surrounding matrix 

was deformed to higher stress levels, the number of rotation structures increased. 

Alternatively, when implementing low shear stress throughout the same experiment, 

rotation structure numbers decreased quite significantly. Further laboratory 

experiments conducted by Marques (2008) indicated that the rotational patterns of 

grains could be seen in greater numbers when mixtures of varying shear strengths 

were used within the experiment rather than uniform shear. Shear strength is used to 

describe the strength of a material (grains) against the type of yield or structural 

failure, where the material fails in shear, this ultimately produces a sliding failure of 

the material parallel to the direction of the force. A grain subject to simple-shear does 

not change in length or size but undergoes a change in orientation (Carr et aI., 2003). 

The combination of differing shear strengths allows for ductile deformation to occur, 

therefore creating an environment conducive of rotation structure development 

(Taborda & Antunes, 2004; Marques & Burlini, 2008). 
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Fig. 54: Illustration indicating the transition from 
brittle shear zone location the ductile shear zone 
location. Red arrows indicate shear direction, 
while (1) indicates brittle deformation, (2) brittle
ductile deformation, and (3) ductile deformation. 
Ductile deformation allows for a "stretching" and 
"bending" formation to occur, whereas brittle 
deformation results in a more sharp contact 
transition. 
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Since shear zones are characterized by the localization of stress, there is a 

degree of stress softening associated with ductile shearing (Ramsay & Huber, 1987). 

In order for the sediment to deform plastically, stress softening (reduction of stress 

during prolonged shear events) may surpass the strength threshold of the sediment 

resulting in grain-size reductions by means of subglacial erosion of the sediment, 

reaction softening (softening of grains as a result of interacting with other materials), 

or fluid-related softening (softening by the means oflubricated particles) (Ramsay & 

Huber, 1987; Bertran, 1993). As a result, for a material to become more ductile (adopt 

a quasi-plastic, more bendable/malleable behaviour) and undergo continuous 

deformation without fracturing, there are some deformation mechanisms (based on a 

grain scale), which must be taken into account. These deformation mechanisms are: 

(a) diffusion creep, (b) pressure solution processes, and (c) grain-boundary sliding. 

(a) Diffusion creep: Diffusion creep refers to the deformation of crystalline solids 

by the spreading of voids through their crystal lattice and occurs within plastic 

deformation (ductile) rather than brittle deformation (Pas schier & Trouw, 1998). 

Diffusion creep is generated by the alteration of crystalline defects (a change in 

crystal symmetry) through the lattice of a crystal such that when a crystal is subjected 

to a greater degree of compression, defects migrate causing a mass transfer that 

shortens the crystal in the direction of maximum compression (Ramsay & Huber, 

1987). This migration is in part due to voids generated by diffusion creep which 

allows for grains to move more freely as a result of increased "space" generated by 

voids (passchier & Trouw, 1998). 
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(b) Pressure solution processes: is a ductile deformation mechanism that involves 

the dissolution of minerals at grain-to-grain contacts into pore fluid within areas of 

relatively high stress, and either (a) deposition in regions of relatively low stress or (b) 

their complete removal from the rock within the fluid ( Bons & Urai, 1992) 

(c) Grain boundary sliding: Grain boundary sliding is a process in which grains 

slide past each other along, or in a zone immediately adjacent to, their boundary 

(Piazolo e aI., 2002). The introduction of a small amount of grain boundary sliding 

sufficiently decreases the degree of grain interaction, and suggested that grain 

boundary sliding can be a mechanism for accommodating strain incompatibility 

between neighboring grains (Gilotti & Hull, 1990). It should also be mentioned that 

grain boundary sliding has been considered a dominant deformation mechanism in 

superplasticity (when a material is deformed far beyond its usual breaking threshold) 

(Bons & Urai, 1992). 

6.1 Grain positions/patterns outside the perimeter of the rotation structure 

Based on previous research, (e.g. Hiemstra & van der Meer, 1997; Menzies & 

Zaniewski, 2003; Taborda et aI., 2004) analysis of grain positioning within till can 

aid in determining past deformational processes acting at the ice/bed interface 

(Chapter 1). Evaluating grain positions and pattern recognition of grains within and 

outside of microstructures may allow for further understanding of deforming 
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sediment within till, for example, the deforming sediment layer combined with 

specific shearing strengths/types/durations will produce differing grain orientations 

and microstructures (Hatcher 1990; van der Meer 1993). Often grain patterns are able 

to aid in data collection since each pattern is distinctly different and can therefore be 

categorized when similar patterns arise. Grains within till become positioned as a 

result of activity/movement at the ice/bed interface or in the subglacial deforming 

layer which in turn has generated a range of documented microstructures recognized 

within tills (Fig. 2) (Hatcher 1990; van der Meer 1993; Menzies, 2000; Piotrowski et 

aI., 2006). 

Due to the nature of thin sections being an "image frozen in time" using 

pattern recognition to discern any form of potential movement becomes increasingly 

important, as there is no "real time" or "time lapse" analysis possible when dealing 

with a static image. Analyzing a static image (in terms of data extraction) proves to be 

increasingly more difficult when the topic of movement is concerned, for this reason 

it is crucial that patterns are analyzed. The importance of pattern analysis from a static 

image is that frequently processes aiding in grain pattern formation leave behind 

some evidence as to what those processes may have been, thereby allowing for 

classification of these grain patterns. For example: it can be seen within Fig. 2, that 

grain patterns forming microstructures have been placed into different categories 

based on mainly their signature (a signature being their appearance/grain pattern 

within the structure representing that specific pattern). Grain patterns both within I I microstructures as well as those on the perimeter may give information as to the 
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possible direction(s) of movement (by analyzing the a-axis orientation) that may have 

taken place during deformational processes (Taborda et aI., 2004; Phillips, 2006) 

(Fig. 55). 

strain 
r---~======~----~ I~ h~h , 

(Modified from Larsen et aI., 2007) 

Fig.55. (Fig.4), with the addition of yellow dashed lines indicating locations of high strain, and 
red arrows indicating shear direction. It can be noted that grains encompassed by the high shear 
zones (while the rotation structure is within a low strain zone domain), have passively aligned 
their a-axis with the direction of shear due to the high strain produced by it. Notice there is an 
absence of grains situated perpendicular to the zone of high strain and the direction of shear. 

Grain positioning acts as an aid in determining possible grain 

rotation/movement (as discussed within Chapter 2-3), and has become a crucial 

component in data collection processes in regards to rotation structure evaluation. 

Grains encompassed within the rotation structure are important in analyzing rotation 

as well as grains and microstructures (lineations, grainstacks, obstructions as 

discussed within Chapters 3-4) surpassing the boundary of the rotation structure 

(Chapter 6). In analyzing grains neighbouring the rotation structure, it is suggested a 

connection with reference to grain orientation within, and, surpassing the rotation 

structure boundary exists (Fig. 56-59). Grains within rotation structures neighbouring 

a grainstack or solitary grains (grains not encompassed within a microstructure) have 
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frequently yielded similar orientations (both from visual analyses as well as Nikon-

NIS elements software) from thin sections analyzed for this thesis. It is insinuated 

there is a connection between grains within the rotation structure and those 

neighbouring it, in regards to orientation patterns (SPO) (Fig. 56-59). The correlation 

between both methods of data extraction outlined within Methodologies, can be seen 

outlined within Fig 60. 

Fig. 56: A rotation structure without a centre
grain is shown by the red circle. Green grains are 
those that comprise the rotation structure itself, 
while blue grains indicate immediate 
neighbouring grains. It can be seen clearly that 
blue grains have adopted very similar 
orientations to those of the rotation structure. 
The further away from the rotation structure, the 
more the grains begin to adopt different 
orientations, less similar from the rotation 
structure. 

Fig.57: An additional overlay has been added from the 
previous Fig. 56, and is mapped out in pink indicating a 
grainstack. It can be seen that the grains comprising the 
grainstack (pink) to the south-east of the rotation 
structure show similar orientations to those grains 
surrounding the rotation structure (blue) and within the 
southern quadrant respectively. White arrows indicate 
neighbouring grains not encompassed within a 
microstructure (solitary grains) which indicate similar 
orientations to those grains encompassed within that 
quadrant of the rotation structure. Black arrows 
indicate similar grain orientations of those encompassed 
within the grainstack and neighbouring grains within 
the southern quadrant. The grainstack can further be 
viewed as "curving" upward into the possible rotational 
direction of the rotation structure. 
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Fig.58: Another rotation structure mapped out 
along with grains comprising the rotation 
structure (green), neighbouring grains (blue) 
and nearby grainstack (pink). Once again it 
can be seen there appears to be a definite 
"curvature" of the grainstack. It can also be 
seen that highlighted grains appear to have 
very similar orientations to those within the 
rotation structure, including those of the 
grainstack. 

Fig 59: (A) depicts the image in (B), with the omission of any mapping. (B) Indicates examples of 
a few lineations (yellow) rotation structures (outlined in red) and those grains comprising the 
rotation structure (green) within this image. It can be seen rotation structures within this image 
are located directly beside lineations, further insinuating a correlation between their proximity 
to one another. It can also be noted grains within the rotation structure appear to orientate their 
a-axis along with the direction of the lineation. 

6.2 Grain patterns and positions outside of the rotation structure: matrix 

cohesion 

Data obtained through visual analysis combined with data extracted using 

Nikon-NIS Elements software indicated there appears to be a strong pattern in terms 
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of grain orientation around the perimeter of the rotation structure, both with solitary 

grains as well as those encompassed within neighbouring microstructures. Nikon-NIS 

Elements software revealed numerical data (angle of possible rotation), with the 

addition of an arbitrary axis (Chapter 4) and visual analyses used for detecting grain 

patterns which may be over-looked with the usage of a strictly numerical data. 

Grains within grainstacks possibly contain a higher degree of matrix cohesion 

as a result of mechanical interaction, much like a rotation structure (Ildefonse et aI., 

1992; Arbaret et aI., 1996). Mancktelow et ai. (2002) and MandaI et al. (2003) have 

confirmed that large grain concentrations (as seen within grainstacks or rotation 

structures, usually found within large grain popUlations or clast-rich matrices) have a 

significant control on movement patterns exhibited by grains. Furthermore, 

Mancktelow et ai. (2002) and Taborda et al. (2004), also reveal that grains within a 

stronger mechanical interaction will likely exhibit similar orientations (with similar 

shape profiles), which strongly correlates with thesis data extracted from visual 

analysis and usage ofNikon- NIS elements software (Fig. 60). It was noted that 

grains within the grainstack closest to the respective quadrant ofthe rotation structure 

(N, E, S, and W) appeared to have the greatest similarity in terms of angle of rotation. 

This similarity is possibly due to the degree of matrix cohesion encompassed within 

the rotation structure, enabling closely positioned particles (like that of a nearby 

grainstack), to adopt a similar orientation (Mancktelow et aI., 2002). 
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Earlier experiments conducted with reference to matrix cohesion and higher 

grain concentrations did reveal movement (rotational/re-orientation) and a degree of 

matrix cohesion was much greater than grains in low concentrations, further 

suggesting a mechanical interaction between grains (Walpole, 1991; Mancktelow et 

aI., 2002; Mulchrone, 2007). This interaction is a probable explanation as to why the 

grain within the grainstack closest to the rotation structure is quite often orientated in 

a similar orientation to the grain in the respective rotation structure quadrant. Data 

revealed from visual analyses indicated that grains tended to stray from orientations 

of those grains encompassed within the rotation structure as proximity from it 

decreased (Fig. 19). 

Larger populations of grains tend to produce greater likelihoods of grain to 

grain interaction and ultimately possess greater potential to effect movement of 

individual grains, as well as the surrounding matrix flow (Samanta et aI., 2003). 

Previous analyses conducted (Bilby et aI., 1975; Freeman, 1985; Mancktelow et aI., 

2002; MandaI et aI., 2003) confirms that within larger grain populations, grains are 

impacted to a greater degree with regards to grain movement. Movement of grains 

resulting in pattern formation specifically tend to link strongly to strength of matrix 

cohesion within till (Taborda et aI., 2006). 

The notion that grain patterns are resultant of specific deformational processes 

compliments data analyzed for this thesis, that is: grain alignment within a grainstack 

(or solitary grains) closest to the rotation structure quadrant (N, E, S, W) may be 
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connected resultant of matrix cohesion. As noted previously, matrix cohesion within 

rotation structures are most likely to be high due to the proximity of grain-to-grain 

boundaries (or contacts) allowing for larger grain interaction within the perimeter of 

the rotation structure. In matrices where grain interaction is not high (such as a non-

clast rich matrix) rotation structures are often not found, as a high number of grains 

are needed in order to begin the formation of a rotation structure. The larger the grain 

population, the higher the chance becomes for grain-to-grain interaction, which in 

tum is a more likely environment for rotation structure generation as opposed to non-

clast rich matrix where grain-to-grain interaction is lower, thereby reducing the 

probability of rotation structure generation. 

Data presented in Fig. 60 indicates grain orientation of those grains 

encompassed within grainstacks and their respective proximity and orientation with 

regards to the closest rotation structure. It has been noted that grain orientations 

contained within a grainstack (with close proximity to a rotation structure) appear to 

have similar orientations to the nearest grain (closest quadrant) within the rotation 

structure (example shown within Fig. 61). It must however be mentioned that grains 

yielding slightly lower or slightly higher angles of rotation are also exhibited within 

neighbouring grainstacks in comparison to the grain within the closest quadrant and 

have been discussed in Chapters 7-8. Possibly the most crucial factors in this I 
variance responsible for angles of rotation of rotation structure grains and those grains 

i 
~, 

neighbouring it may have resulted due to grain shape and size, velocity gradients, as 

well as degree of matrix cohesion (Chapter 7). 
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Fig. 60: This chart depicts grain orientations encompassed within grainstacks and overall 
proposed orientation, along with proximity to the rotation structure. Red values indicate grains 
either exceeding both values (in terms of angle of rotation of nearest grain within the respective 
quadrant) or below both values. It is noted that 16% of grains within the grainstacks do not 
show the same degree of similarity in terms of degree of rotation as those within the nearest 
quadrant ofthe rotation structure. However, 84% of grains within grainstacks do show 
similarities in terms of grains indicating related degrees of rotation to those within the closest 
quadrant of the rotation structure respectively. All other grains within grainstacks fall between 
the two quadrants in which the grainstack ultimately travels or is orientated. 

Range of orientation of Angle of rotation of grain 
Sample grains within grainstack in quadrant closest to 
Number (in degrees) grainstack (in degrees) Direction of nearby grainstack 

1a (1) 3~-57, (2) 27-49 38W,37N West ofRS: (I) NNE, (2) ENE 

1b (1) 34-61, (2) 43- 54 45 E, 50S East ofRS: (I) NNE, (2) South ofRS, SW 

1c 34-78 16 E, 95 S South ofRS: SE 

1d (1)42-70, (2) 153-86 49 W, 163 S, 91 E West ofRS: (I) NNW, (2) South ofRS, SE 

1e 86-154 162 S, 94 E South ofRS: SW (2) SE 

West ofRS: SW and curving up NNE on right 
2a 87·116 120W, 32 N side of grainstack 

2b (1) 75-91, (2) 69-76 88 E, 144 N East ofRS: (I) ENE, (2) NNE 

2c 77-105 133E,88N East ofRS: NNW, curving to the left above RS 

South ofRS: W-E, curving up on east side 
2d 41-81 88 S, 67 E (NE) 

3a 62-108 71 E, 112 N East ofRS: ENE, curving on east side (NE) 

3b 93-124 110W,131N West ofRS: NNW, curving to the west (NW) 

3c 34-53 29 S, 115 E South ofRS: SSW 

4a None 

4b None 

4c 120-157 131 N, 142 E North ofRS: ENE, curving down to east-side 

4d None 

5a 38-74 49 S, 53 E South ofRS: running diagonally (ESE) 

5b None 

5c None 

5d 74·102 110E,114N East ofRS: ESE 

5e (1) 62-89, (2) 74-110 75 S, 98 N South ofRS: (I)SSE, (2) North ofRS: SE 

West ofRS: (I) NNE & curving over, (2) East 
6a (1) 22-53, (2) 59-73 18 W, 64 E, 52 N ofRSNNW 

South ofRS: SW with east side of grainstack 
6b 72-103 88 S, 67 E curving ENE 

6c (1) 109-145, (2) 34-60 125W,E 30 West ofRS: (I)SW, (2) East ofRS, NE 

6d 112-146 124W, 229 N West ofRS: NNW 

7a 93-154 86 E, 92 N East ofRS: SE 

7b 17-132 23 E, 87 N East of RS: NNE 

7c (1) 97-134, (2) 108-152 120 E, 106 S East ofRS: (I) NE, (2) South ofRS, NE 
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Fig.61: Indicates a before (A) and after (B) after example (3a). It can be noted that the eastern 
quadrant grain is labeled in yellow within (B) and nearby grainstack (situated ENE, and moving 
upward on the eastern side to a more NE orientation). The grainstack can be seen as having 
grains closest to the rotation structure more similar to the angle of proposed rotation of the grain 
within the eastern (or closest) quadrant to the grainstack. 

In Figs. 57-58 & 61, it can be seen that there appears to be a form of 

"curvature" of the grainstack frequently involving grains nearest to the end of the 

grainstack (the portion with the least proximity to the rotation structure), while the 

grains closest to the rotation structure appear to resemble the grain orientation in the 

closest quadrant. This curvature of the grainstack may be important in regards to 

using outside grains (grains not encompassed within the rotation structure) as a tool 

for discerning rotational patterns of the rotation structure. When a group of grains (in 

this manner, a grainstack) depicts a form of sinuous movement (an unbroken linear 

pattern of grains), it is quite possible it is replicating nearby grain orientation 

achieved during deformation (MandaI et aI., 2004; Marques & Burlini, 2008). If for 

example Fig. 61 is analyzed (both A & B photos), it can be seen that (within Fig. 60) 

the grainstack to the east of the rotation structure is classified as: "East ofRS: ENE, 

curving on east side (NE)", while the rotation structure itself is sample 3a. Within 

sample 3a it is evident that the grainstack is curving upward on the eastern side within 
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the north-eastern direction, while grains located closest to the rotation structure 

(encompassed within the grainstack) appear to show very similar orientations/angles. 

Grains located within the rotation structure (east quadrant) have the value of 71 0 E, 

while the grain within the grainstack closest to the east quadrant has a value of 62° E, 

showing very similar orientations, which can also be seen visually. As the eastern 

reach of the grainstack progressively orientates itselfNE-NNE from the rotation 

structure, grains appear to alter orientations now becoming more vertical. 

Grainstacks, much like rotation structures, are composed of a sinuous line of 

grains, the only main notable difference lies in their spatial appearance. While 

grainstacks are usually more linear in appearance they may also show curvatures as in 

Fig. 61, as opposed to rotation structures which must possess a radial appearance. It is 

possible that grainstacks may ultimately be lesser-formed rotation structures as 

curvatures of grainstacks have been noted to exist in the same environment as rotation 

structures (within ductile shear zones and low shear-strength zones). If a curvature of 

a grainstack were to extend further and connect with the opposite end of the 

grainstack, it resembles a rotation structure. It was not found throughout research that 

grainstacks are situated in a solely linear fashion, but may often times be "S" shaped 

or "C" shaped. 

It is worth noting the frequency of grainstacks that occur within close 

proximity to rotation structures. Research shows 84% (29/31) (Fig.60) of grainstacks 

were positioned closely to a rotation structure further suggesting an interaction 
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amongst the two microstructures. If grain orientations within grainstacks are analyzed 

along the perimeter of rotation structures as well as neigbouring grains, it is possible 

to gain insight as to the probable rotation of the rotation structure. It is not often 

within tills that grains show a great lack of organization within close proximity to one 

another (grain-to-grain interaction), it is more often than not they share a similarity in 

terms of orientation (Idelfonse & Mancktelow, 1993; Carr & Rose, 2003; Taborda et 

al.,2004). 

6.3 Grain patterns and positions outside of the rotation structure: obstructions 

An "obstruction" as previously discussed is a grain that provides a level of 

hindrance in regards to flow patterns beyond the grain acting as an obstruction. Stress 

surpassing the obstruction may ultimately become ricocheted due to the size 

of grain acting as a "shield" (providing protection from surrounding stress). 

An obstruction in terms of subglacial sediment for the purpose of this thesis has been 

noted as: a large grain within close proximity to the microstructure in question (the 

rotation structure) which is least 4 times the size of any grain within the rotation 

structure (Fig. 47). This particular size limit was placed upon the obstruction due to 

previous research conducted by Zuriguel & Mullin, (2007) who note that particles 

approximately 3 times the size of surrounding particles are more likely to hinder 

surrounding movement (in this case, smaller grains beyond the obstruction which 

may be encompassed within the rotation structure). Once data was collected it did 
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appear there was a trend in regards to the presence of an obstruction and possible 

rotation of rotation structures. 

Fig.62: indicates a rotation structure (within the red square) and a group of obstructutions 
(purple) throughout the western, southern and into the northern quadrants while the grains 
encompassed within the rotation structure are green. The light blue arrow indicates the 
proposed direction of force which is free from obstructions (on the east side), unlike the opposite 
side. It can be noted the rotation structure appears to be turning in a counter -clockwise motion 
as the angles of grains are beyond 90° in all cases. With the obstructions acting as a barrier to the 
entire western side of the rotation structure there is far more less force able to pass through to 
affect the rotation structure movement, while the east side is free of obstructions and able to let 
the rotation become impacted more by force to commence rotation. 

Within Fig.62, it can be seen that the rotation structure appears to be moving 

in a counter-clockwise movement due to the positioning of not only the rotation 

structure, but also the presence of abundant obstructions. It was earlier stated that 

large grains may act as a shield to possible stress imposed upon grains beyond the 

larger grain (in this case, the obstruction). It is suggested that grains beyond the 

obstructions are less impacted by stress when compared to those grains which are not 

protected. If one side of the rotation structure is sheltered with an obstruction, this 

then presents the possibility that due to the lesser amount of force able to pass around 
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the obstruction and affect the rotation structure, the rotation structure may ultimately 

be rotating in the opposite manner. 

For example (Fig. 63) if a rotation structure has obstructions situated to its 

east, there may be less stress affecting the rotation structure from the eastern side, 

therefore, less stress able to push the rotation structure in a counter-clockwise motion. 

Alternately, the opposite may be true where obstructions are placed on the opposite 

side of the rotation structure (the west) as seen within Fig. 62, insinuating a counter-

clockwise rotational movement. Of course, this is not always the deciding factor in 

discerning rotation structure movement, it does however, aid in postulating grain 

rotation when combined with other data. 

Fig. 63: Cartoon illustration depicting an 
example of a rotation structure moving in a 
clockwise direction. Black arrows depict force 
affecting the rotation structure (indicated in 
green) causing rotational movement (combined 
with matrix cohesion of the rotation structure), 
obstructions are shown in purple, while arrows 
indicating force are shown in pink (indicating 
how velocity fields surpassing the obstructions 
are not affecting the rotation structure to the 
same degree). 

Fig.64: Sample "Ie" indicating the obstructions present (in 
purple) to the NNE & NNW ofthe rotation structure 
(outlined in red). Pink arrows indicate direction of force 
which has become diminished by the presence of 
obstructions. Yellow arrows indicate direction of 
movement offorce available to pass through (with the 
omission of obstructions) which may ultimately affect the 
rotation structures movement. 
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Determining direction of stress imposed on the rotation structure is most 

likely not always in the direction which shields the rotation structure by means of the 

obstruction. It is therefore important to view the rotation structure and how grains are 

positioned within it, along with lineations, grainstacks, and orientation of other 

neighbouring grains. Within Fig. 62, it is noticeable that grains appear to depict an 

orientation that is indicative of a counter-clockwise motion (as they all depict a 

rotation of over 90°, with the exception of the western grain). It can further be noted 

that grains within the eastern quadrant (and solitary grains within this proximity) 

appear to lie with a similar orientation/dip greater than 90°. Analyses found that 54% 

of obstructions appear to act as a shield in protecting the rotation structure from 

incoming stress from the respective direction. However, when obstruction proximity 

combined with analysis of orientation of grains within the rotation structure, 

surrounding grains, and grainstacks, a far more comprehensive analysis is able to be 

made. An obstruction aids in discerning rotation structure movement, but should not 

be used as the only indicator of possible rotation. When analyzing rotational 

movement from a static photograph, it is best to incorporate visual and quantitative 

data when available. 

6.4 Grain positions and patterns effected by water 

Grain patterns and matrix cohesion are influenced by the presence of water 

within till (Piazolo et aI., 2002; Ceriani et aI., 2003; MandaI et aI., 2005). Without 

water present in till, many grains would not be situated in the orientation in which 
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they appear (Piazolo et aI., 2002) (Chapters 2&3). Grains positioned outside of the 

rotation structure may be indicative of rotational movement in which water has aided 

in the generation of grain patterns and/or grain orientations. Water is an important 

component in the development of rotation structures due to the fact that: without 

water, rotation structures may possibly be far less developed and therefore, perhaps 

not depict the circular form as recognized in micromorphology. Within Chapters 

2&3, it is noted that water within a grain population would influence greater grain 

rotation, while grains within low populations experience less rotation (Fig.23). 

Evidence in regards to water presence within high grain populations is very important 

due to the clast-rich matrices rotation structures are found. 

When analyzing a rotation structures perimeter for signs of water it is possible 

that there may be clusters of grains aligned similarly (their a-axis may be in the same 

orientation), indicating passive orientations potentially due to water filtration (Carr et 

aI., 2000; Phillips, 2006). Possible grain movement/re-orientation within a lubricated 

matrix coupled with shearing events, allows for grains to rotate to a much larger 

degree than when water and shearing events are not present (Ceriani et aI., 2003). 

Grain orientation/re-orientation as a result of water is rather difficult to 

determine due to different states of possible grain rotation that is, a grain may be in a 

state of reduced rotation, or, within the first stages of rotation (Marques & Bose, 

2004; Samanta & Bhattacharyya, 2005). Within the first stages of grain rotation, a 

grain within a lubricated matrix will rotate faster then slow its rotation speed due to 
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possible fissures forming (Fig.24) at the end of the grains a-axis (these fissures allow 

for water to be trapped within and therefore reduce the water at the grain-matrix 

boundary. As a result, grains may ultimately slow their rotation speed when a 

lubricated matrix becomes depleted of water (by aid of fissures) (Samanta et aI., 

2003). This effect may begin to explain why some grains surrounding a rotation 

structure (or those within a rotation structure) appear to be at different degrees of 

rotation. 

It is possible that water has acted to a greater degree in matrices with weaker 

matrix-cohesion (aided by a greater degree of water, Fig. 24) than those that 

possessed a stronger matrix-cohesion (Ceriani et aI., 2003; Mulchrone 2007; Marques 

& Burlini, 2008). This notion that grains may be at different stages of rotation due to 

water content at the grain-to-matrix boundary contact point may be a major reason as 

to why some rotation structures appear to be "scattered" (all grains encompassed 

indicate a very organized rotation structure) and why some appear to be rather 

"scattered" (not all grains indicate the same degree of rotation) (Fig. 65). 

Fig.65: Indicates two rotation structures. "A" depicts a rotation structure with more of a 
"messy" appearance, but yet still is the formation of a rotation structure. "B" represents more of 
a "scattered" rotation structure in that the grain alignment and organization depicts a more 
solid circular appearance 
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Due to the nature of a lubricant providing an initial higher degree of rotation, 

at this time it is possible that a vortex or "swirling motion" may commence, further 

enhancing the degree of potential rotation exhibited both by the rotation structure as 

well as neighbouring grains. Within a matrix consisting of high grain concentration it 

is very probable that vortices is consistently imposing stress at the grain-matrix 

boundary by altering strain fields around these grains (by generation of torque created 

by vortices and stress), and thereby aiding in rotation and detachment. (Marques & 

Bose, 2004, Chapter 3) 

6.5 Does a centre-grain effect rotation of a rotation structure? 

Data collected from Nikon NIS-Elements software indicated that rotation 

structures which did not have a centre-grain present had 18% more grain rotation 

within the respective quadrants (N,E,S,W) when compared to rotation structures 

which did possess a centre-grain. This 18% difference in rotation structure type and 

degree of grain rotation correlates with previously conducted research by Schmid & 

Podladchikov, (2003), Taylor (1923), Zhang & Bjornerud, (1994), and Marques & 

Bose, (2004) who all mention matrices with less grain-to-grain contact are more 

likely to rotate more "haphazard" or "irregular" when compared to matrices with high 

grain-to-grain contact (clast-rich matrix). A rotation structure lacking a centre-grain 

allows for an area within the centre of the rotation structure to be vacant of a larger 

grain, allowing for the possibility for more rotation by surrounding grains (thus the 

small 18% difference in rotation structure types). However, the purpose of analysis is 

- 102 -



not to discern how much rotation has taken place by grains within the rotation 

structure, but the direction of rotation of the rotation structure itself, and for this 

reason the presence of a centre-grain or lack there of, did not seem to aid greatly in 

discerning movement of the structure. 

Overall it was found evaluating grain patterns of grains within the rotation 

structure and those within surrounding microstructures, as well as neighbouring 

grains that a correlation exists between SPOs. Neighbouring grain pattern aid in 

discerning rotation when coupled with methodologies implemented (Chapter 4). 

It was also found alike grain shapes and sizes appeared to reveal similar angles of 

orientation. Grainstacks and lineations appear to form a "box" around the rotation 

structure with grainstacks positioned frequently to the east or west (oblique to shear 

direction), while lineations were found to run north or south of the rotation structure 

(along high shear zones). It was further found that obstructions positioned to the west 

indicated possible antithetic rotation structure movement, while obstructions to the 

east appeared to indicate synthetic movement when evaluated with methodologies 

outlined in Chapter 4. 

Factors inducing or inhibiting grain rotation in both single and mUltiple grain 

associations have been discussed in depth in previous chapters (Chapters 2-3) and 

applied to thin section data (Chapter 6). It has been noted that factors as: shear 

strength, shear duration, shear type, velocity gradients, grain populations, matrix 

cohesion, grain size and shape, as well as water within the sample prove to be 
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important in rotation structure generation. It is possible to postulate rotation structure 

movement by implementing data extracted through research methods used (Chapter 

4), combined with knowledge of factors inducing rotation outlined within Chapter 3. 

Rotational direction of rotation structures has been postulated and findings have been 

presented within the following chapter. 
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Chapter 7: Discerning clockwise and counter-clockwise direction of the rotation 
structure. 

7.0 Introduction to rotation patterns 

In determining directional movement of rotation structures, it is imperative 

that grains both within the rotation structure and beyond the rotation structure 

boundary are evaluated (Chapter 6). As previously noted, data was acquired through 

the usage of static photographs from thin sections, rather than a dynamic experiment 

or time-lapse photographs. Neighbouring grains beyond the rotation structure 

perimeter (Chapters 4 & 6) were analyzed using Nikon NIS-Elements software and 

visual analysis methods aiding in proposing direction of rotation structure movement, 

and have been placed into two categories: (a) clockwise rotation, or (b) counter-

clockwise rotation. 

7.1 Clockwise and counter-clockwise rotation 

Clockwise rotation was exhibited within 21 % of rotation structures evaluated 

(6/28 samples) while 79% accounted for counter-clockwise movement. Possible 

components that govern directional movement of rotation structures have been 

outlined within Chapters 3 and have proved to be useful indicators of movement for 

the purpose of data analysis. Within Chapters 3 & 6, it was demonstrated that certain 
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factors have aided in discerning rotation of rotation structures such as: (a) 

obstructions, (b) grain-stacks, and (c) grain orientation/angle of grains both within 

and beyond the perimeter of the rotation structure, (d) velocity gradients, (e) water 

content, and (f) duration and strength of shear events. 

7.1a Presence of obstructions 

As noted within Chapters 4-6, the role of obstructions can be used to discern 

possible rotational direction of rotation structures. Obstructions positioned within 

close proximity to a rotation structure may be responsible for inhibiting some stress 

effecting the rotation structure both in clockwise and counter-clockwise motions, 

depending where the obstruction is positioned. An obstruction has the potential to act 

as a movement inhibiter (generates variance in velocity around the obstruction, by 

means of absorbing and ricocheting stress) disturbing flow around and grains beyond 

its presence (Fig. 47, Fig. 62 & 63) (Zuriguel & Mullin, 2007). 

Within all rotation structures exhibiting a clockwise rotational motion (6 out 

of28 rotation structures exhibited clockwise rotation), 50% had an obstruction 

positioned to the east of the rotation structure, while the remaining 50% of clockwise 

rotation structures had obstructions either to the north, or south-south-west directions. 

Alternately, 72 % (16 obstructions neighbouring 22 rotation structures) exhibiting 

counter clockwise movement had an obstruction within the quadrant closest to the 

western most positioned grain within the rotation structure. From data analyses it may 
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be suggested that there is a correlation between obstruction positioning and possible 

rotation structure movement, that is: obstructions to the west of the rotation structure 

are possibly aiding in counter-clockwise rotation, where as obstructions to the east of 

the rotation structure may aid in clockwise rotation. 

The east quadrant is most intriguing (when concerned with clockwise 

movement) as an obstruction within the east quadrant may inhibit stress approaching 

the rotation structure from that direction according to studies of velocity dissipation 

by Taylor, (1923), Ildefonse et aI., (1990) and Zuriguel & Mullin (2007) (Fig. 66). 

Fig. 66: Cartoon illustration of a rotation structure 
(black grains within the centre ofthe photograph), with 
obstructions to the right (east) of the rotation structure 
(outlined in red). Pink lines indicate possible 
dissipation and ricocheting of velocity from the east 
quadrant of the rotation structure. Green arrows (top 
& bottom) indicate presumed rotational direction 
(clockwise) based on data collected and analyzed. 

Analysis of obstructions closest to the east quadrant of the rotation structure 

presented data that indicates there may be a correlation in terms of obstruction 

location and rotational direction of the rotation structure. Thirty-eight obstructions 

were analyzed within proximity to 28 rotation structures, of these 28 rotation 

structures, only 6 presented data of a clockwise rotation, and of these 6 rotation 

structures 50% had an obstruction within the east quadrant, while other obstructions 
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within these clockwise rotation structures were located in either northern-most or 

southern-most quadrants (Figs. 67 & 68). 

Sample7b 

Fig.67: Cartoon illustration of obstruction (purple) location 
within sample "7b". The grains encompassing the rotation 
structure are shown in black, while pink arrows indicate the 
potential velocity being absorbed and the re-direction of the force 
due to obstruction presence. 

Fig.68: Cartoon illustration of obstructions 
(purple) within sample 4a. Pink arrows indicate 
velocity re-direction due to the obstruction. The 
rotation structure is shown in the middle as 
black grains. 

The data presents an interesting trend with regards to the positioning of 

obstructions close to grains making up the rotation structure. Seventy-eight percent of 

the grains within the rotation structure (exhibiting clockwise rotation) show lowest 

levels of rotation when the presence of an obstruction was within the same quadrant 

as the grain encompassed within the rotation structure. In contrast, 47% of rotation 

structures depicting counter-clockwise movement had an obstruction within the west-
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most quadrant revealing grains with the least amount of rotation within the rotation 

structure closest to the obstruction (Fig. 69). 

Fig.69: Cartoon illustration indicating grains 
with lowest rotation (green) and their proximity 
to the obstruction (purple). Pink arrows indicate 
direction of force and velocity ricocheting. Blue 
arrows indicate the a-axis of the grain and their 
orientation with regards to an arbitrary axis used 
for measurement (Chapter 4). The blue 
arrowhead points in the direction away from 
which the arbitrary axis was placed, and then 
measured (as if an angle were to be measured 
from that grain with Nikon NIS-Elements 
software). From this illustration it is noticeable 
that the green grains have experienced the least 
amount of rotation, a possible reaction of nearby 
obstructions. 

The presence of an obstruction within the east and west quadrants appears to 

prove to be a useful in determining rotation of both clockwise and counter-clockwise 

movements, respectively, but has limitations. Obstruction proximity to the rotation 

structure is used as an aid in determining possible rotation, not used as a sole aid. 

Some rotation structures may not have a neighbouring obstruction (as seen within 

Fig. 55 b) and therefore other methods of analysis as outlined within Chapter 4 were 

applied to not only rotation structures lacking an obstruction, but every sample 

evaluated. Rotation structures that encompass an obstruction closest to the north or 

southern quadrant were evaluated by use of other criteria outlined within 

methodologies. Thin sections evaluated appeared to have a prominent E-W / W-E 

shearing direction (Figs. 70 & 71), and for this reason, obstructions positioned 
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precisely within the north (90°) and south quadrant (180°) were not used as 

indicators. 

Fig 70: Yellow arrows indicating possible shearing directions (as indicated by presence of 
lineations) within a portion of sample (6a-6d). 

Fig 71: Shear direction within a portion of sample 4a-4d is shown by the usage of yellow arrows. 
Once again the pattern exhibits a strong E-W, W-E direction. 
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7.1h Grain orientation/angle within the rotation structure 

Differing shaped grains orientate themselves in varying alignments in 

response to shear-stress (Samanta et aI., 2003; Mulchrone, 2007). As noted earlier, 

prolate grains were used as aids in discerning rotation due to the manner in which 

their a-axis dipped (angle measurement was taken after the application of the arbitrary 

axis, discussed within Chapter 4) within the rotation structure (Chapters 2 & 3). 

Prolate shaped grains usually orientate by means of passive behaviour (Samanta et aI., 

2003). The axial ratio of a prolate grain aids in rotation, due to relatively uneven 

stress distribution. As a result, prolate shaped grains will usually lie parallel to the 

direction of applied shear-stress. Stress can be produced by percolating water, shear 

direction, duration of shear/ shear type, and velocity gradients generated by shearing. 

Due to the passive nature of a prolate shape, discerning direction of stress becomes 

more certain when the above are evaluated (Chapters 2&3) (Ildefonse et aI.,1992; 

Jiang & Williams, 2004). 

Ghosh & Ramberg (1976) state the degree of rotation (with reference to 

prolate grains) is controlled by their axial ratio, the initial orientation, as well as 

duration of shear and shear type (pure or simple shear) (Chapters 1 & 2, Fig. 17). In 

pure shear (the grain uniformly elongates in one direction and uniformly shortens in 

the perpendicular direction and appears to flatten in response to applied stress) the 

grain does 
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not begin to rotate (Ceriani et aI., 2003). Pure shear therefore does not allow grain 

rotation and it is highly probable that pure shear events do not support rotation 

structure development. Alternately within simple shear the axis perpendicular to the 

shear plane does not shorten, it rather induces rotational strain in which the grain 

moves parallel to a given axis, allowing spinning to occur (Fig. 72) (Marques et aI., 

2008). 

Pure shear ~ 

Eill 
t 

Fig.72: Illustration indicating how different shear types (pure & 
simple) affect movement of the prolate shaped grain, red lines 
indicate the grains a-axis. It can be noted that pure shear does 
not allow for rotation to commence where as simple shear 
allows for rotation at the base of the a-axis. 

The passive orientation which a prolate shape adopts makes for a useful 

indicator in discerning rotation structure movement. When analyzing data it was 

imperative that prolate grains in all quadrants (N,E,S,W) had angles of rotation 

measured (by means ofNikon NIS-Elements software) in order to provide data for 

analysis. In analyzing data collected from Nikon NIS-Elements software, it was noted 

that 67% of clockwise rotation structures (4/6) contained 72% of grains (within the 

measured N,E,S,W quadrants) less than 90°. Alternately, 23% of counter-clockwise 

rotation structures exhibited grains indicating less than 90° rotation, while 77% of 

grain values indicated angles greater than 90° when measured from the arbitrary axis. 

Interesting grain angles were also noted in terms of which end of the a-axis appeared 
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to be orientated, and appeared to affect the angle of rotation achieved during data 

extraction (Fig. 73). 

Fig.73: A comparison between two rotation .structures and the grain orientation within the 
N,E,S,W quadrants and centre-grain (where applicable). Blue arrows indicate direction of 
rotational movement with the base of the arrow at the 0° point. A single yellow arrow can be 
noted within (B) indicating a value less than 90° exhibited within the counter-clockwise 
rotational pattern. Within (A) a clear trend can be seen in that all grains have angle of rotation 
less than 90°, whereas within (B), grains are orientated within the opposite direction with 
exception of the grain situated in the east quadrant. It is also noted that within a clockwise 
rotation structure the dipping point of the grains appears to occur on the left side ofthe a-axis, in 
comparison to the counter-clockwise rotation structure whose grains appear to dip on the right 
side of the grains a-axis. 

It is important that previous grain rotation analyses within lubricated matrices 

by Taylor (1923), Taborda et aI. (2004), Marques & Bose (2004), and Mulchrone 

(2007), are understood (Chapter 3). Experiments conducted with lubricated grain-

matrix boundaries indicated that grains initially orientated with their long axis (a-axis) 

parallel to shear direction rotated backwards (antithetically) during first stages of 

shear when coupled with a lubricated grain-matrix boundary (Marques & Bose, 2004; 

Taborda et aI., 2006). It was also noted that as simple shear strength begins to 
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increase, grains first temporarily stabilize at an angle between 10 0 and 208 0 to the 

shear plane and then rotate synthetically (forward) (Ceriani et aI., 2003; MandaI et aI., 

2005; Marques & Burlini, 2008). It appears that as grain stability is achieved at an 

angle between 100 and 208 0 to the shear plane reflects the point at which the lubricant 

within the experiment essentially "dried up" or became encased within the fissures at 

the grain's a-axis endpoints during detachment and rotation (Chapter 3) (Marques & 

Cobbold, 1995; MandaI et aI.,2004; Krumbien, 2010). 

Antithetic rotation appeared to only take place during the first stages of 

experiments and has been seen frequently within other analyses with the usage of 

lubricated-grain matrix boundaries, which prove as an aid in grain rotation to 

commencement (Jeffery, 1922; Marques & Coelho, 2001; Mulchrone 2007). Ceriani 

et aI. (2003) proposed that antithetic rotation should only occur when thickness of the 

weak layer (presence of the low-viscosity layer between the grain and matrix) 

exceeds a minimum critical value. This critical value is a function of viscosity 

contrast between matrix and lubricant (the larger the contrast, the more likely for the 

critical value to be reached and induce antithetic rotation) (Bose & Marques, 2004; 

Taborda et aI., 2004). 

Based upon previously conducted experiments in which antithetic and 

synthetic rotation have been analyzed, it raises the question: have grains within the 

rotation structure commenced synthetic rotation, or are they still within the antithetic 

rotational stages? It is possible that rotation structures may exhibit a greater deal of 
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antithetic rotational (counter-clockwise) movement in matrices which have greater 

amounts of lubricant at the grain-matrix boundary, whereas rotation structures 

exhibiting synthetic movement may have less water at the grain-matrix boundary 

(Chapter 3) (Gay, 1968; Walpole, 1991; Taboda et aI., 2004; Mancktelow et aI., 

2002; Ceriani et aI., 2003). Usually, samples which are extracted closer to the surface 

(closer to the upper ice/bed interface contact point), will be present with larger 

amounts of water during deformation (Marques & Coelho, 2003; Piazolo et aI., 2002). 

Alternately, samples which may have less water within them may have been extracted 

further away from the surface (or icelbed interface contact), minimizing the water 

content within the sample (Heron et aI., 2005; Krumbein, 2010). 

Percolation of melt-water downward through the sediment profile largely 

depends on the pore size of the sediment. The size of the pores varies with sediment 

texture and structure. In general, water moves through large pores (such as in sand) 

more quickly than through smaller pores, such as in silty or clay rich sediments 

(Heron et aI., 2005). It is therefore possible that samples derived from positions 

deeper within the sediment profile may be present with higher numbers of rotation 

structures due to the need for ductile deformational processes as well as the need for 

some water to be available in which acts as a lubricant at the grain-matrix boundary. 

Research conducted (Chapter 4) was not able to determine stages of grain 

rotation in terms of where antithetic rotation halts, and synthetic rotation commences. { 
f 

In terms of rotational movement, a photograph only allows data to be extracted from 
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what can be seen, rather than a definitive conclusion where rotation of grains is 

concerned. In order to increase the degree of certainty with regards to rotation 

structure rotation, shear box experiments should be conducted with varying pore 

water contents in order to determine rotation. 

7.1c Connections between water and rotation structure movement 

As previously noted, 67% of presumed clockwise rotation structures contained 

72% of grains (within the measured N,E,S, and W quadrants) measuring less than 

90°. Presumed counter-clockwise rotation structures accounted for 77 % of grains 

within their respective quadrants with angles of rotation greater than 90°, suggesting 

the angle of rotation correlates with perceived rotation structure movement as 

indicated within Chapter 5. 

It has been shown in laboratory tests that rotational movement of grains 

(exhibited within the rotation structure) occur under the presence of simple shear in 

which grains temporarily rotate antithetically, stabilize at angles between 10
0 

to 208 0 

to the shear plane, and then rotate synthetically (Fig.19) (Ceriani et aI., 2003; Mandai 

et aI., 2005). Seventy-nine percent of rotation structures indicated presumed 

antithetic or counter-clockwise rotational patterns, leaving a remaining 21 % of 

rotation structures accounting for clockwise (synthetic) movement, indicating a 

majority of rotation structures depicting counter-clockwise (antithetic) movement. 

Furthermore, 86% of data acquired indicated grain rotation between 10 0 to 208 0 in 
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reference to the arbitrary axis (as outlined within Chapter 4), suggesting an antithetic 

rotation trend. 

It is possible that grains encompassed within the rotation structure (as well as 

neighbouring grains) are at different stages in rotation, that is: some may have rotated 

to a larger degree depicting more or less antithetic or synthetic rotation. Due to the 

close proximity of grains within a rotation structure, it is probable that water content 

may be somewhat even throughout, given the rotation structures small size. For this 

reason water alone is probably not the sole cause of an array of differing angles of 

grain rotation, although it appears aid in grain rotation. Grains behave differently in 

response to stress as a result of their size, and shape, and it is often that grains situated 

side by side within a sample may exhibit different degrees of rotation as each shape 

responds to stress differently (Chapter 2 & 3) (Masuda & Ando, 1988; Bons et aI., 

1997; Marques & Bose, 2004). It is quite possible that while grains chosen to be 

measured were prolate in shape, they were not all the same size or shape, allowing for 

variances in rotation measurements. Furthermore, thin sections evaluated were 

represented in 2D, thereby only allowing for analysis of the length and width of the 

sample, without the analysis of the depth. When depth is taken into account it is very 

possible that grains appearing to be small when viewed in 2D, may actually be much 

larger, and differently shaped than perceived. Ultimately, this change in grain size and 

shape can certainly alter the degree of rotation. 
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As previously mentioned, key factors aiding grain rotation are the amount of 

water, shear type (for example: pure shear, or simple shear) shear duration, velocity 

gradients, initial grain orientation, grain shape and size, and grain-to-grain contact 

(Chapters 1-3) (Carr et aI., 2000; Phillips, 2006). Water content when coupled with 

simple shear and duration has the potential to greatly effect the speed and direction of 

rotation (Chapter 3) (Fig. 24). Within laboratory experiments Ceriani et aI.(2003) 

and MandaI et ai. (2005), have demonstrated that greater lubricant contents resulted in 

greater durations of antithetic rotation, while less lubricant content continued to 

portray antithetic rotation, but to a much lesser degree. Knowing the water content 

within a sample would help to determine the probability of ceased antithetic rotation, 

allowing for synthetic rotation to commence (Samanta & Bhattacharyya, 2005). 

Differing water contents within evaluated samples may be largely responsible for 

grain rotation angles obtained. While 86% of data indicated grains between 10° to 

208°, this may inherently be due to greater amounts of water, thereby inhibiting 

synthetic rotation and inducing greater antithetic rotation and detachment (Marques & 

Bose, 2004). 

Ceriani et ai. (2003), conducted experiments using various amounts of liquid 

soap (as a lubricant in place of water) (Fig. 24), and it was shown that an increase 

from 22% soap content to 31 % soap content, produced a larger degree of rotation, and 

greater detachment from the matrix resulting in larger fissures at the end of the a-axis. 

It is possible that grains analyzed within the rotation structures may have fallen 

between or beyond 22%-31 % water content, due to the similar angles in which are 
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depicted in both Ceriani et aI. (2003) laboratory analyses, and data extracted from 

Nikon NIS-Elements software. 

Since rotation structures exhibited strong matrix cohesion (Chapters 3 & 6), 

and have shown frequent antithetic rotation trends (dominance of grains exceeding 

90°), insinuates there were greater water contents at the time of deformation and 

deposition. Alternately, the opposite may be true for rotation structures which appear 

to indicate a clockwise rotational direction. That is, clockwise rotation structures may 

be more abundant within a less lubricated matrix, therefore allowing for a lower 

degree of grain-matrix detachment (inducing less antithetic rotation) (Ceriani et aI., 

2004; Marques & Bose, 2004; Samanta & Bhattacharyya, 2005; Mu1chrone 2007). 

Clockwise rotation is also influenced by initial orientation of the grain to the shear 

plane (Chapter 1-3). Ifprolate grains are positioned transverse to the shear plane 

before shear the grain may rotate synthetically, whereas grains positioned parallel to 

shear direction before shear are more likely to rotate antithetically. It is however 

difficult to discern the grain's initial orientation before shear occurred, this is one 

more crucial variable along with amount of water content in the sample which is not 

known. Determining detachment point of grains from surrounding matrix was unable 

to be located, this however, is not unusual. Ramberg (1976), MandaI et al.(2005), 

Piazolo et al.(2002) and Ghosh & and Samanta et al. (2003), all conducted laboratory 

experiments concerned with detachment in a lubricated matrix and it was found that 

due to size of fissures generated within the sample, and presence of surrounding 

grains, these fissures are usually difficult to locate outside of laboratory experiments. 
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In summary, it can be postulated that rotation structures move as a unit, but 

pieces (grains) move at different rates (a consequence of grain shapes and sizes 

resulting in angle variances). Rotation structures are found within low velocity zones, 

between zones of high shear strengths, allowing the rotation structure to be relatively 

undisturbed within this low velocity zone. Low water content within the sample 

results in stronger grain-matrix boundary strength while high water content results in 

less grain-matrix boundary strength resultant of the low viscosity layer supplied by 

water. Grain SPOs between 100 

- 208 0 to the shear plane reflects the point at which 

the water acting as a lubricant has been removed by fissures and may ultimately cause 

a change in rotational direction (from antithetic to synthetic). It has been noted that 

discerning the point in which a grain commences synethic rotation rather than 

continuing to rotate antithetically is highly unlikely when using a "static image". 

7.2 Recommendations for further research 

Analyzing rotational movement of grains from a static photograph does not 

accurately depict movement, it simply indicates grain positioning at the time of 

extraction (Dazhi & Williams, 2004). Shear box experiments should be used in order 

to accurately measure angle of rotation and ultimately, direction of rotation. 

Implementing a shear box experiment as conducted by Hooke & Dreimanis, (1985), 

Ceriani et al. (2003), MandaI et al. (2005), and Marques & Bose (2004), would prove 

to be a very useful manner of discerning rotation of rotation structures. In conducting 

a shear box experiment, time-lapse photography is then possible allowing for photos 
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to be taken during application of different shear strengths, durations, water content, 

grain concentrations, and rotation structure formations. 

Results presented within this thesis are a combination of previous literature 

concerned with grain rotation, and data gathered through analyses (Chapter 4). It is 

important to continue studying rotation structures as they may aid in further 

understanding subglacial deformation at the microscale. Rotation structures may aid 

as a tool in identifying tills and provide further insight as to determining past 

deformational and depositional processes and histories by examining these 

microstructures. 

Rotation structures are complex. Formation of the rotation structure 

depends on the presence of several factors which must be present during time of 

deformation (Chapter 2-3 & 6). Microstructures are excellent indicators of past 

deformation history and aid in postulating ice-bed interface mechanics. Rotation 

structure formation has been analyzed on the basis of two main questions: (a) what 

factors influence rotation structure formation? And, (b) what do rotation structures 

signify in terms of past depositional processes? 

- 121 -

f 



Chapter 8: The importance of varying shear-strengths, grain populations, and 
water, in commencing rotation structure movement. 

8.0 Rotation structure environments 

Relationships between grain behaviour and the direction of ice-flow have been 

studied in order to aid in detennining defonnation processes (Dreimanis & Reavely, 

1953; Ghosh & Ramberg, 1976; Gao & Collins, 1994; Evans et aI., 2006). Studying 

subglacial processes are of great importance in understanding ice sheet dynamics so 

that further insight may be obtained with regards to the depositional and 

deformational and depositional history oftills. The existence of a "defonning bed" 

beneath the glacier sole is of great importance as deformation may be able to provide 

insight concerning ice movement mechanisms, and further expand our knowledge of 

underlying geometry and depositional processes. Within tills, in order to analyze 

subglacial defonnation as thoroughly as possible, processes acting below the ice/bed 

interface must be evaluated. 

Evidence indicates that insight into microscale investigations may provide 

answers to questions that surround the processes of till deposition such as: Why do 

tills encompass varying grain size and shapes? Why are some grain populations 

organized and some show disarray? Analyzing defonnation at both macroscopic and 

microscopic scales, it has become increasingly evident that a variety of sedimentary 

structures are related to processes such as: (a) pre-depositional, (b) emplacement, or 

(c) post-depositional events (Lachinet et aI., 2007; Menzies, 2000). Van der Meer 
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(1993) proposed that most of these deformation structures can be subdivided into two 

main categories: (a) brittle, and (b) ductile deformation. Each microstructure is 

symptomatic of a specific deformation type and it is important to understand their 

presence within till as they generate greater insight into subglacial deformation 

processes such as: presence of bending or faulting of materials, effects of pore water, 

and re-orientation of grains (Fig.2) (Phillips et aI., 2006). 

Of the microstructures found within subglacial tills (eg. Hiemstra & van der 

Meer, 1997; Lachinet, et aI., 2001;van der Meer et aI., 2003; Menzies et aI., 2006) 

rotation structures have little explanation so far as to their formation. By analyzing 

rotation structures and increasing knowledge of their form, distribution, geometry, 

structural characteristics, and possible construction within subglacial till, it is possible 

to better understand subglacial deformation processes in which rotation structures are 

found. 

Boulton (1982) and Benn & Evans (1998), state that there are several 

processes which control the deposition/emplacement of subglacial debris: lodgement, 

melt-out, flow and emplacement from subglacial deformation. Flow-tills are 

essentially debris-flow sediments formed which have formed on, within, beneath or in 

front of ice masses (Marcussen, 2008). As a result, flow-tills are often similar in many 

ways to debris flows (Boulton, 1982; Menzies et aI., 2006). 

! 
1 , 
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It has been noted that rotation structures only exist where ductile deformation 

can occur. Ductile deformation occurs under lower stress allowing energy to dissipate 

(Mills, 1983). Due to the degree of imposed stress, the particles within the matrix are 

able to adjust and bend, which may ultimately begin to form the circular pattern ofthe 

rotation structure. By analyzing how ductile deformation and ice/bed mechanics 

induce particle rotation (where as brittle deformation inhibits particle rotation), it is 

evident that rotation structures are only formed within a ductile environment where 

"bending" of the material may occur. 

Phillips (2006) and Larsen et al.(2007) proposed that rotation structures may 

result from both pore water content and sediment effected by varying shear-strengths 

resulting in velocity gradients within a subglacial deforming layer generating a 

"spinning" movement of grains. When deforming sediment becomes sandwiched 

between the ice mass and subjacent bedrock or immobile sediment, it becomes 

subject to the pressure of shearing due to the movement of the overlying ice and 

sediment (Larsen et aI., 2007). Grains within the deforming sediment can then begin 

to differentially move as a type of "wheel" pattern within the matrix, forming a 

distinctive rotation structure (van der Meer, 1996). It is suggested that rotation 

structures rotate as a system (as a whole), but grains within it may rotate at different 

rates. 

Marques et al. (2008) conducted laboratory experiments which indicated that I: r 

I rotational patterns of grains could be seen in much greater quantities when materials 
I .' , 
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were placed in shear boxes with varying shear strengths rather than subjecting 

materials to uniform shear strengths. Varying shear strengths when coupled with a 

lubricant may begin to explain the varying degrees of grain rotation exhibited by 

grains encompassing the rotation structure (Fig. 74). Data extracted for this thesis 

(Chapters 4 & 5) indicate that grains within the N,E,S, and W quadrants of the 

rotation structure have differing angles of rotation. A possible explanation for this 

variance in grains closely positioned within the rotation structure may be attributed to 

factors such as: (a) water content, and (b) amount and duration of shear acting on the 

rotation structure, and (c) grain size and shape. (Fig. 74, Chapters 1&2) 

strain 
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Larsen et aI., 2007 
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Fig. 74: An interpretation of the impact of shear strain on a rotation structure within a shear 
zone domain. It can be seen that as shearing occurs parallel to the cluster of grains, this has the 
potential to cause rotation within the shear zone located between the shearing planes. It can also 
be noted that the rotation structure appears to be formed within the zone of medium-low shear 
strain, rather than high shear strain. 
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As mentioned above, different angles of rotation are visible in the data 

extracted. Differing levels of stress may aid in accounting for the variance in grain 

rotation, as well as presence of water initial grain orientation, and grain shape and 

size. Data extracted from Nikon-NIS Elements software concerned with angles of 

grain rotation correlates with previous research conducted by Masuda & Ando, 

(1988); Hiemstra & van der Meer, (1997); Arbaret et al. (2001) Ceriani et al. (2003) 

and MandaI et al. (2005), indicating the presence of a lubricant within the matrix 

allows for greater antithetic grain rotation, rather than synthetic grain rotation which 

is more frequently seen in samples with little water. Seventy-nine percent of rotation 

structures depicted antithetic rotation, while only 21 % of rotation structures 

accounted for synthetic rotation. This suggests that rotation structures depicting 

synthetic rotation may have had less water present at the time of deformation. Grains 

forming the rotation structure are difficult to distinguish in regards to whether they 

have: (a) finalized antithetic rotation and have started synthetic rotation or, (b) if the 

grains are still within the antithetic rotation stage (Samanta et aI., 2003). This is 

largely due to laboratory testing that has suggested grains temporarily rotate 

antithetically, stabilize at angles between 100 to 208 0 to the shear plane, and then 

rotate synthetically( Arbaret et aI. , 2001; Marques & Coelho., 2001; Jiang & 

Williams., 2004; Cerani et aI., 2003 ; MandaI et aI. , 2005). Eighty-six percent of data 

acquired through Nikon NIS-Elements software indicated grain rotation between 100 

to 208 0 in reference to the arbitrary axis (as outlined within Chapter 4), suggesting an 

antithetic rotation trend. 
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A possible reason as to why this range (10° to 208°) exists within a lubricated 

matrix is due to fissures generated at the boundary of the grains a-axis with the 

matrix. As the grain commences rotation, fissures begin to develop as a result of 

detachment from the matrix, allowing water to "dry up", resulting in a less lubricated 

matrix. Once the lubricant has been largely reduced within the sample, a synthetic 

rotational pattern can possibly occur due to less slippage within a coherent 

(unlubricated) matrix (Masuda & Ando, 1988; Bons & Urai, 1992; Bose & Marques, 

2004). An unlubricated grain-matrix boundary allows for greater grain~matrix 

adherence and therefore the grain is more likely to remain attached to the matrix 

(Mancktelow et aI. , 2001; Ceriani et aI., 2003; MandaI et aI. , 2004). Taborda et al. 

(2004) observed that as water (lubricant) content increased within experiments, the 

degree of antithetic rotation increased, whereas samples with omission of water did 

not generate fissures at a-axis/matrix boundary contact points. Furthermore, it is 

suggested the reasoning behind higher degrees of antithetic rotation is due to the 

presence of these fissures, it is postulated that with the omission of fissures (as in a 

non-lubricated sample) the grain remains attached to the matrix, and has a greater 

chance to rotate synthetically (Ildefonse & Mancktelow, 1993; Marques & Coelho, 

2001; Mulchrone et aI., 2005). 

The circular pattern exhibited by the rotation structure suggests a degree of 

organization within the structure in that, their circular form is not created by chance. 

Usually, patterns are generated when a form of connectivity between parts (grains) is 

established. This degree of connectivity within the rotation structure is influenced by 
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the presence of varying shear-strength zones (Fig. 74) in which rotation structures are 

found. The contrasting velocity and stress profiles within varying shear-strength 

zones are therefore crucial in the construction of a rotational pattern of grains (Hart & 

Boulton, 1991; Piotrowski et aI., 2004; Larsen et aI., 2007). A low shear strength zone 

allows for lesser degree of stress to occur within that zone, thereby not disturbing the 

sediment to the same degree as grains within a high shear strength environment (Rose 

& Hart, 1997; Samanta et aI., 2001; Rose & Hart, 2008). It can therefore be surmised 

that a low shear-strength zone within a matrix consisting of varying shear-strengths at 

time of deformation aids in a stronger adherence between grains encompassed within 

the rotation structure. 

It is plausible that the rotation structure (in addition to the presence of a low 

shear strength environment) adopts and remains in a circle-like pattern due to the 

presence of a clast-rich matrix. Within a clast-rich matrix the grain population is large 

and therefore allows for greater mechanical interaction amongst grains. A factor in 

rotation structure generation is the presence of grain interaction, as it is needed to not 

only form the structure itself, but also further aids in adherence amongst rotation 

structure grains (Ceriani et aI., 2003; Samanta & Bhattacharya, 2004; Marques & 

Bose, 2004). Laboratory tests conducted by Ildelfonse & Mancktelow, (1993) and 

Marques & Coelho, (2001) indicate that higher grain populations do provide a larger 

degree of matrix cohesion, further insinuating a larger degree of cohesion within the 

rotation structure. 
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Variances in grain rotation data may be attributed to the initial shape preferred 

orientation (SPO) of the grain. Analysis of SPO allows for grains to be evaluated in 

regards to stress (produced by percolating water, shear direction, shear type, duration 

of shear, and grain shape and size) (Arbaret et aI., 2001; Piazolo et aI., 2002; 

Mulchrone, 2007). Due to the passive nature of a prolate shaped grain and its ease of 

SPO detection, both research conducted within this thesis and previous research 

(Ildefonse & Fernandez, 1988); (Walpole, 1991); (Marques & Coelho, 2001); 

(Samanta et ai. 2003); (MandaI et ai. 2004) & (Iverson et aI., 2008), have 

incorporated a prolate grain shape factor. Grains initially aligned transverse to shear 

direction may rotate synthetically before rotating antithetically, whereas grains 

initially aligned parallel to shear direction experience the opposite (Jiang & Williams, 

2004; Mulchrone, 2007). In using a photograph of a thin section for analysis, it is 

impossible to discern what direction the grain was initially orientated before 

deformation, and for this reason the arbitrary axis was used (Chapter 4) (Marques & 

Coelho, 2000; Mancktelow et aI., 2002; Marques & Bose, 2004). Without the 

incorporation of an arbitrary axis it would be unlikely to extract an approximate angle 

of grain rotation. Data revealed a trend indicating that grains in the rotation structure 

shared similar orientations to those grains neighbouring the closest quadrant, further 

insinuating a degree of adherence between the rotation structure and neighbouring 

grams. 

Grainstacks and lineations were often found close to the perimeter of rotation 

structures. Lineations form during shearing of a granular material, allowing for 
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alignment of grains with orientations parallel to shear direction to become adopted in 

order to support most of the applied shear stress (Hoskin et aI., 1975; Ghosh & 

Ramberg, 1976; Ildefonse et al,. 1990; Pennacchioni et aI., 2000; Mulchrone, 2007). 

Lineations positioned parallel to shear stress (indicative of a high shear zone), and 

rotation structures within lower shear strength zones, it is therefore probable that the 

rotation structure may be sandwiched between or below lineations, where shear 

strength is low (Fig. 59). It is possible to use lineations as an aid in discerning 

rotation structure location within a sample, and locating potential zones of low shear 

strength, along with ice movement direction (ldelfonse &Mancktelow, 1993; Hart & 

Rose, 2009). Samples which are vacant of lineations will not encompass rotation 

structures, as the need for varying shear-strengths must be present at the time of 

deformation. 

- I 
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Grainstacks, unlike lineations, are usually found transverse to the shear plane 

and consequently sometimes lay perpendicular to lineations (Taborda et aI., 2003; 

Larsen et aI., 2007; Phillips et aI., 2007; Hooyer et aI., 2008). As a result, grainstacks 

may require lower shear strength zones in order to form, as zones transverse to the 

shear plane, would encompass a lower shear strength zone. It can therefore be 

suggested that grainstacks may require similar shear strengths as that of the rotation 

structure in order to form, and may be why an abundance of grainstacks were located 

close to rotation structures. Data extracted for this thesis found 84% (29/31) (Fig. 60) 

of grainstacks were positioned close to a rotation structure, further insinuating a 

degree of coherence between grains within the rotation structure and the neighbouring 
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grainstack. It may further be postulated that grains positioned within the same shear 

zone type with proximity to other grains, that there may be a degree of interaction 

amongst grains within the same shear zone (Ildefonse & Mancktelow, 1993;Schmid 

& Podladchikov, 2003; Samanta et aI., 2003; Rose & Hart, 2008). If orientations of 

grains within grainstacks are analyzed along the perimeter of rotation structures as 

well as neigbouring grains, it may be possible to gain insight as to rotational direction 

ofthe rotation structure (Idelfonse & Mancktelow, 1993; Carr & Rose, 2003; Taborda 

et aI., 2004). 

The newly introduced idea of an "obstruction" was also implemented with the 

thought that: the presence of an obstruction may result in ricocheting or absorption of 

stress and hinder movement beyond it (Chapters 4 & 6). It was found that 54% of 

rotation structures neighbouring an obstruction appeared to shield the rotation 

structure from incoming stress from the respective direction of shear (obstructions to 

the west of the rotation structure allowed for greater counter-clockwise rotation, 

whereas the opposite was true for obstructions to the east of the rotation structure). 

Obstructions examined within samples suggested that large grains (4x the size of any 

grain within the rotation structure) do have an effect on rotation structure movement. 

Furthermore, the size of the obstruction is intriguing when compared to other grain 

sizes within the samples evaluated. 
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Through analyses of 28 rotation structures it is concluded that: 

a) Rotation structures aid in determining past shear strengths and velocity gradients 

during deformation in till, as rotation structure formation can only occur within a low 

shear-strength zone within a varying shear-strength environment. 

b) Lineations lie parallel to shear planes in zones of high shear-strengths while 

rotation structures are often "sandwiched" between these lineations. Location of 

lineations within a sample therefore aids in rotation structure location, as it is possible 

to mistake a grain cluster for a rotation structure. If the sample indicates minimal or 

no visible lineations it is probable that there will be few if any, rotation structures. 

c) Much like lineations, grainstacks were often found neighbouring a rotation 

structure, but rather than aligning parallel to shear direction as lineations do, 

grainstacks were found mostly beside the rotation structure and on occasion below or 

above, within a low shear-strength zone. It is suggested that grainstacks may share a 

degree of attachment to the matrix which adhered to the neighbouring rotation 

structure as well. Data indicated that 84% of grainstacks were positioned next to a 

rotation structure further indicating a possible connection between these 

microstructures. Furthermore, both the visual analyses and Nikon NIS-Elements 

software indicated that a "curvature" of the grainstack is not uncommon and may 

SPO within grainstacks and comparing them to those grains in rotation structure in 
I 
1 

possibly be explained by its proximity to the rotation structure. In analyzing grain 
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the closest quadrant, it was found a correlation between these grains exists in terms of 

angles of rotation (as measured from the arbitrary axis). This trend insinuates that 

grains within these grainstacks can be used as rotational indicators of grain rotation 

within the rotation structure. 

d) Rotation structures exist within ductile shear environments. The presence of ductile 

deformation is further induced with pore water content in the sediment, allowing 

effective shear stress levels to fall. Rotation structures within ductile environments 

are further explained by lower shear strength within a ductile shear zone, with slower 

rates ofintemal energy dissipation, allowing for "bending" of materials to occur, 

aiding in rotation structure generation. 

e) The presence of a lubricant (pore water) within the sample is of crucial importance 

as a lack of lubricant has been known to inhibit synthetic rotation of grains (Masuda& 

Ando, 1988; I1defonse & Mancktelow, 1993; Piazolo et aI., 2002; Ceriani et aI., 2004; 

Mandai et aI. , 2005). Water at the grain-matrix boundary allows for greater chances 

of grain-matrix detachment to occur, resulting in fissures generating at the ends of the 

grains a-axis, and cause slippage. Direction of rotational movement in which slippage 

often generates is antithetic, due to grain detachment from the surrounding matrix 

coupled with presence of water. Laboratory experiments conducted by Ceriani et al. 

(2003), indicated that as the lubricant content increased (from 22%-31 %) antithetic 

rotation was greater, and when lubricant content was reduced, antithetic rotation 

decreased. Another experiment conducted by Taborda et al. (2004) conducted grain 
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rotation experiments as well, but with the omission of a lubricated grain-matrix and 

found antithetic rotation to occur as well, but to minimal degree. Antithetic rotation 

within a lubricated grain-matrix boundary as suggested by Masuda & Ando, (1988) 

and Bose & Marques, (2004), indicates that a grain can continue to rotate until 10°_ 

208° angle is reached, and then rotate synthetically. As previously noted, this change 

in rotational direction may be due the fissures generated at the ends of the grains a-

axis, not only detaching it from the matrix, but also generating fissures in the process 

of detachment. The presence of fissures allows for pore water to become "dried up", 

reducing lubricant content within the matrix, and thereby aiding in synthetic rotation. 

Seventy-nine percent of rotation structures exhibited counter-clockwise rotation, 

while 77% of grains within rotation structures indicated antithetic rotation over 90°. It 

is suggested that rotation structures had a greater content of pore water and therefore 

hindered synthetic movement, but increased antithetic movement. 

t) High grain populations (clast-rich matrices) contribute to the generation of rotation 

structures. A clast-rich matrix must be present in order for rotation structures to form, 

as the need for mechanical interactions between the grains is crucial. Mancktelow et 

al. (2002), MandaI et al. (2003) and Marques & Burlini (2008) have confirmed 

through laboratory experiments that higher grain concentrations have a significant 

impact on movement patterns of grains within the sample, that is, grains in 

populations rotate to a larger degree than solitary grains. Furthermore, Walpole 

(1991), Ildefonse et al. (1992) and Taborda et al. (2004) suggest that grain-to grain 

contact is greater in mechanical interaction and aids in generating similar orientations 
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of neighbouring grains with similar shapes and sizes. These findings correlate with 

data extracted for this thesis in that rotation structures must have a high degree of 

matrix cohesion partly as a result of being within a low shear-strength zone, which 

aids in less stress present to re-arrange and re-Iocate particles resulting in the loss of 

the "circle-like" appearance of the rotation structure. A rotation structure would not 

be able to form and uphold the circular pattern without the presence of a mechanical 

interaction amongst grains within the structure. 

g) Velocity levels are crucial in rotation structure formation and movement. Rotation 

structure formation requires a low shear-stress environment in which formation can 

take place, but must be within a sample of varying shear-strengths throughout. It is 

suggested that an obstruction may assist in ricocheting velocity thereby re-directing 

incoming stress which in tum may "shield" the rotation structure to some degree. 

Within all rotation structures exhibiting a clockwise rotational motion, 50% (6 out of 

28 rotation structures exhibited clockwise rotation) had an obstruction positioned to 

the east of the rotation structure, while the remaining 50% of clockwise rotation 

structures had obstructions either to the north, or south-south-west directions. 

Alternately, 72 % (16 obstructions/22 rotation structures) exhibiting counter

clockwise movement had an obstruction within the quadrant closest to the western 

most positioned grain within the rotation structure. This suggests that obstructions 

positioned close to the east of the rotation structure may aid in clockwise rotation, 

whereas rotation structures with an obstruction positioned to the west may result in 

counter-clockwise movement. 
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h) Initial grain position before shear is of great importance in discerning rotational 

patterns of the rotation structure. Prolate grains orientated transverse to the shear 

plane will tend to rotate synthetically, whereas prolate grains orientate parallel to the 

shear plane will tend to rotate parallel and align its a-axis with the direction of shear. 

It is however impossible to discern initial grain orientation before shearing has 

commenced, as working with thin sections allow for analysis of sediment within a 

photograph, not in "real-time". If the initial grain orientation is known, it would prove 

to be more effective in discerning rotational tendencies of grains not only within the 

rotation structure, but also outside of it. 

g) Grain shape and size can vary the degree of rotation which occurs as a result of 

shear-stress. Larger grains behave differently than smaller grains, for example: large 

grains have more probability of detachment from the grain-matrix boundary due to 

the greater amount of surface area for which the stress may effect. Analyses were 

conducted using 2D imagery and therefore not all of the grain shape or size has been 

able to be accounted for. It is possible that grains appearing to be very small within a 

thin section may actually be larger when viewed under 3D analyses, this may have 

ultimately accounted for variances in grain rotation angles measured. 

For many years the term "till" has received large amounts of controversy in 

that many believed till to be structure less, when in fact it is quite the opposite. 

Working under a petrographic microscope has revealed that there is certainly 

structure exhibited within tills, contrary to what has been believed of tills for many 
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years. As a result, it is insinuated there is no such thing as a structure-less till, 

resulting in an array of microstructures which have been identified to date (Fig.2), 

including rotation structures. It was further found that microstructures within basal 

tills (till present at the ice-bed interface) are typical of deformational processes. 

However, to date, microstructures which may be able to shed light as to how 

sediments melted out from the overlying ice mass have not been recognized. The 

unfortunate consequence of lack of sediment deposition evidence is that if all that can 

be evaluated is what can be seen within basal till thin sections (microstructures 

formed after depositional processes), then it may be impossible to actually detect 

processes of sediment deposition. Furthermore, if all that can be seen within thin 

sections is indicative of deformation, it insinuates that material produced by glaciers 

at the ice-bed interface constitutes a deforming bed. 

To further emphasize that all subglacial tills are indicative of deforming beds 

consider this: 28 rotation structures were analyzed from 7 randomly selected thin 

sections out of a selection containing more than 1500 thin sections insinuates similar 

past depositional processes on a world wide scale exist. Of these 28 rotation 

structures evaluated, the high degree of grain organization/pattern within each 

rotation structure were akin to one another, further insinuating places of all ages and 

all parts of the world reflect deforming beds and therefore, encompass 

microstructures. The rotation structure acts as a tool along with all other !' 
~ 

microstructures as a method in discerning possible depositional processes on a world-

wide scale, and therefore requires continued to research. 
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