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ABSTRACT 

 

This thesis investigates how architectural element analysis (AE) can be utilized to 

deconstruct the sedimentary architecture of glacial sedimentary successions, and its 

significance for paleoenvironmental reconstruction, understanding depositional histories, 

and providing insight to the hydrostratigraphy of glaciated terrains. The first component 

of this thesis explores the applicability of AEA to the local-scale analysis of a till 

succession exposed in outcrop sections in order to understand the significance of the 

bounding surface hierarchy and architectural elements in sediments deposited in a 

subglacial depositional environment. Fieldwork was conducted at two outcrop sites in 

north-central Illinois, U.S.A., which expose Late Wisconsin-age till of the Tiskilwa 

Formation, in order to test the local-scale applicability of AEA to the architectural 

analysis of a subglacial succession (Chapter 2). A major finding of this study was that 

fifth-order bounding surfaces delineate ‘element associations’ which can be mapped 

across the local study area, and utilized for detailed paleoenvironmental reconstruction of 

the ‘subglacial bed mosaic’ and local-scale reconstruction of the depositional history of 

the till sheet, including periods of separation and reattachment of the ice and its bed. 

 The second part of this research explores AEA at Sólheimajökull (Iceland), 

specifically to test the validity of AEA for the analysis of glacial successions, and to 

better understand the environmental significance of unit contacts (bounding surfaces) and 

sedimentary geometries in a modern glacial landscape. Fieldwork was conducted at 

Sólheimajökull and basic principles of AEA and landsystems analysis were integrated in 
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order to facilitate delineation of the sedimentary architecture and allostratigraphy of the 

Sólheimajökull landsystem (Chapter 3). Fifth-order surfaces delineate landsystem tract 

components, which can be utilized to characterize the heterogeneity and sedimentary 

architecture, delineate allostratigraphic units, and reconstruct the depositional history of 

the Sólheimajökull landsystem. 

 Data from Sólheimajökull (Chapter 3) and Illinois (Chapter 2) were utilized as a 

modern and outcrop analogue, respectively, to provide insight to the sedimentary 

architecture of subsurface Quaternary glacial deposits in Georgetown, southern Ontario 

(Canada; Chapter 4). Basic concepts of AEA were applied to the analysis of sediments 

recovered from fully-cored boreholes. A major finding of this study is that AEA can be 

effectively utilized for delineation of subsurface architectures from the analysis of core, 

and the hierarchies of bounding surfaces and units of AEA can be utilized to organize the 

sedimentary heterogeneity into a ‘nested’ architectural framework. The geometry and 

spatial relationship of architectural units (sixth-order surfaces) and architectural 

components (fifth-order surfaces) provides insight to the hydrostratigraphy of 

Georgetown.  

AEA, as utilized in this thesis, provides a systematic methodology with which to 

deconstruct glacial successions into their basic architectural building blocks at various 

scales of resolution. AEA enhances traditional facies models by facilitating site-specific 

delineation, visualization, and characterisation of the sedimentary geometry of facies 

associations, which in turn, allows direct comparison of sedimentary architectures at 

different study sites; this has significant implications for analogue selection for the 
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purpose of reservoir analysis. The architectural framework of glacial deposits and its 

potential significance to hydrostratigraphic models (as discussed in this thesis) may help 

to facilitate communication and translation of data between the disciplines of ‘geology’ 

and ‘hydrogeology’. The results of this project can be utilized as a framework to better 

understand the sedimentary geometry and hydrostratigraphy of modern and Quaternary 

glacial deposits in southern Ontario, previously glaciated terrains elsewhere, and other 

modern glacial landsystems, and provide insight into other applications such as civial 

engineering projects, aggregate resources, placer mining exploration, and land use 

planning. 
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Architectural element analysis (AEA) is an emerging methodology in the fields of 

sedimentology and stratigraphy, and is recognised as a powerful tool for the analysis of 

fluvial and deep-marine deposits (Miall, 1996; 2010; 2014). AEA provides a tool to 

systematically delineate sedimentary geometries at different scales of resolution, based on 

careful analysis of facies associations and facies contacts, which allows 

paleoenvironmental reconstruction at local and regional scales. AEA is based on earlier 

ideas relating to bedform hierarchies (Allen, 1968), the geometry of facies contacts 

(Allen, 1963), and an understanding of the components of fluvial systems, including their 

geometry and allo- and autogenic controls (Beerbower, 1964; Allen, 1983). AEA 

advances traditional facies models (e.g. James and Dalrymple, 2010) by integrating the 

above mentioned concepts to facilitate delineation and characterization of the 2- and 3-

dimensional sedimentary architecture of a depositional system. AEA has been utilized 

and modified to describe and interpret the sedimentary geometry of deposits formed in 

fluvial (Allen, 1983; Miall, 1985, 1988, 1994; Hjellbakk, 1997; Miall and Jones, 2003; 

Opluštil et al., 2005; Yangquan et al., 2005; Best et al., 2006; Kostic and Aigner, 2007; 

Ghazi and Mountney, 2009; Slomka and Eyles, 2013), shallow marine (Yuvaraj, 2011), 

deep marine (Miall, 1989; Clark and Pickering, 1996; Drinkwater and Pickering, 2001; 

Labourdette and Jones, 2007; Pyles et al., 2007, 2008; Hubbard et al., 2008; Funk et al., 

2012; Terlaky et al., accepted manuscript), deltaic (Eriksson et al. 1995), jökulhlaup 

(Marren et al., 2009), and subglacial (Boyce and Eyles, 2000) depositional environments. 

AEA has also been applied to the analysis of sediments recovered from boreholes and 

integrated with geophysical (Hornung and Aigner, 1999; Boyce and Eyles, 2000; Heinz 
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and Aigner, 2003; Bersezio et al., 2007) and hydrogeological (Gerber et al., 2001) data, 

and utilized for computer-based modeling (Dreyer et al., 1993; Deutsch and Tran, 2002). 

It should be noted here that several studies make use of the terms ‘architectural element’, 

‘depositional element’, and ‘element hierarchies’, and do so either without the intention 

of implying the use of AEA or, more commonly, by utilizing concepts of AEA but 

neglecting to demonstrate the fundamental principles of AEA, such as the delineation of a 

bounding surface hierarchy and systematic characterization of the geometry of facies 

associations (Miall 1985; 1988). 

1.1 INTRODUCTION TO AEA 

A rudimentary form of AEA was introduced by Allen (1983) for the analysis of braided 

river sandstones of the Brownstones exposed in outcrop sections in Wales, and Miall 

(1985; 1988) refined AEA as a systematic methodology to characterize the sedimentary 

architecture of fluvial deposits and interpret their depositional history. Prior to the 

introduction and more widespread utilization of AEA, detailed analyses of sedimentary 

successions were based on end member vertical profiles and facies models (e.g. Miall, 

1977; Eyles et al., 1985; McPherson et al., 1987; Shanmugam and Moiola, 1988), and 

quantitative prediction of facies successions was tested using a Markov Chain approach 

(e.g. Miall, 1973). Facies models are advantageous for understanding the suite of facies 

types and depositional processes associated with a particular depositional environment; 

however, end member facies models do not represent all the natural spatiotemporal 

variability in facies types and depositional and erosional processes in a depositional 

environment, which makes direct comparison of site-specific sedimentary successions 
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difficult (Dalrymple, 2010). Comparison of the sedimentary architecture recorded from 

different local study sites is important for interpretation and paleoenvironmental 

reconstruction of a regional-scale study area (see Chapter 4, this thesis), characterization 

and identification of appropriate outcrop analogues for the interpretation of deeper 

subsurface deposits (e.g. Dreyer et al., 1993), and to inform and enhance existing facies 

models and establish new facies models for depositional settings that warrant distinction 

from existing generalized models (Dalrymple, 2010).  

 The fundamental principle of AEA is the bounding surface hierarchy, which 

serves to define the framework of a sedimentary deposit. Bounding surfaces, as utilized in 

AEA, are facies contacts that can be delineated from outcrop, and assigned a numerical 

order based on the degree of environmental change recorded by that surface (Miall, 1988; 

2010). Bounding surfaces record environmental change at various scales of resolution, 

such as the supply of sand grains to a ripple crest preserved as a foreset (delineated by a 

zeroth-order surface that may record diurnal fluctuations in current energy) or a major 

climatic change such as the onset of glaciation (delineated by a seventh-order surface that 

may record a major unconformity between glacial basin fill and bedrock; Miall, 1988; 

Boyce and Eyles, 2000). The bounding surface hierarchy defines the geometry of time-

stratigraphic facies packages at different scales of resolution, which allows optimization 

of sedimentary complexity at a local scale while maintaining the ‘big picture’ geologic 

framework. In abstract terms, the bounding surface hierarchy of AEA is loosely 

analogous to the frame of a house, in which rooms are defined and other building 

materials are anchored. The composition (facies types) and dimensions (geometry) of 
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building materials used to construct different houses (sedimentary deposits) may be 

similar, but the orientation and arrangement of the materials, and the abundance of certain 

building materials over others, gives each room and house a unique architecture. 

Delineation and characterization of the architecture of a sedimentary deposit at different 

scales of resolution is the main objective of AEA.  

 The underlying roots of AEA can be traced to the early stages of the classification 

of types of bedforms, bedding contacts, and cross-stratification in fluvial deposits 

(McKee and Weir, 1953; Allen, 1963, 1968), the development of facies and facies models 

(Miall, 1977; Dalrymple, 2010), and the characterization of features comprising alluvial 

depositional environments (Beerbower, 1964; Allen, 1983). A comprehensive review of 

the underlying ideas and concepts of AEA would unduly lengthen this thesis (see Miall, 

1985, 1996); however, it is appropriate to include a brief discussion on the specific 

advances in sedimentology and stratigraphy which influenced and directly contributed to 

the development of AEA.  

1.1.1 Foundational concepts of AEA 

The fundamental components of AEA include the description and interpretation of facies 

types and associations, delineation of a bounding surface hierarchy, and characterization 

of the ‘building blocks’ of a sedimentary deposit (facies associations with a characteristic 

geometry); all of which are derived from important pioneer studies of depositional 

processes and environments.  

 An early descriptive classification scheme of sedimentary stratification was 

proposed by McKee and Weir (1953), which emphasizes the geometry, scale, and internal 
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structure of stratified units and the nature of set bounding surfaces (Fig. 1.1). The most 

significant contribution of this classification scheme to AEA is recognition of the 

variability in the nature and geometry of the lower bounding surface (e.g. erosional and 

non-erosional, curved/trough and planar) and the geometry of layered sedimentary 

deposits (e.g. lenticular, tabular, wedge-shaped; Fig 1.1.; McKee and Weir 1953). A 

revised classification scheme of cross-stratification was later proposed by Allen (1963), 

which emphasizes the utilization of objective, descriptive terminology for the 

classification of cross-stratification and its relationship to the lower set or coset bounding 

surface (Fig. 1.2). The descriptors used to classify cross-stratification were combined in 

different ways and resulted in fifteen different architectures of cross-stratification (Fig. 

1.3A), which can be utilized for paleoenvironmental interpretation (Fig. 1.3B; Allen, 

1963). Allen (1963)’s classification scheme expands on earlier ideas put forth by McKee 

and Weir (1953), and emphasises the significance of the scale (e.g. cross stratification 

within ripples versus dunes), unit complexity (grouping, lithology, and shape), and 

paleoenvironmental significance of cross-stratification architecture. Utilization of 

sedimentary architecture (i.e. scale and unit complexity) for paleoenvironmental 

reconstruction is a key component of AEA. 

1.1.1.1 Hierarchies 

The concept of ‘hierarchy’ is a recurring theme in AEA, including a hierarchy of internal 

sedimentary components of a depositional system (relating to their scale; e.g. range of 

bedforms in a fluvial system), bounding surfaces (relating to the degree of environmental 
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Fig. 1.1 Classification scheme of stratification of McKee and Weir (1953). A. 

Classification of stratified units. B. Classification of cross-stratified units. C. 

Cartoon of cross-stratified units in B (modified from McKee and Weir, 1953). 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

8 

 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

9 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Classification scheme of cross-stratification of Allen (1963). A. Cartoons 

illustrating descriptive criteria for classifying cross-stratification. B. Relationship 

of descriptive criteria utilized for the classification of cross-stratification 

(modified from Allen, 1963). 
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Fig. 1.3 Types of cross-stratification by Allen (1963). A. Cartoons representing 

types of cross-stratification. B. Genetic interpretation and relative assemblages of 

types of cross-stratification (modified from Allen, 1963). 
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change), and sedimentary units (relating to their scale, length of time they record, and 

degree of environmental change they represent; e.g. a single bedform in a channel versus 

a valley fill succession; Miall 1985; Miall 2010).  

 

Hierarchy relating to bedforms 

Allen (1968) identified a hierarchy of bedforms in the fluvial environment based on the 

flow energy, flow depth, and sediment availability at the time of their formation (Fig. 

1.4). Although Allen (1968)’s hierarchy relates directly to sediments of fluvial origin, a 

brief but important comment regarding ‘bedform hierarchy’ was made by Allen (1968), 

stating,  

“the conceptions embodied in this definition can also be extended, with but little 

extra effort, to sand accumulations shaped by wind in the desert and to the wholly 

erosional flutings and groovings of cohesive mud, ice and rock beds.” (Allen 

1963, pg. 162).  

 

Allen (1968) recognized the applicability of bedform hierarchies to sediments deposited 

in a range of depositional environments, and related the development of the bedform 

hierarchy to the scale of the depositional system and autogenic controls (such as grain 

size, flow velocity, and geometry of instabilities between the fluid and bed). The 

magnitude and types of external and internal controls acting on the fluvial system were 

hypothesized to result in different assemblages of bedforms (Fig. 1.4C). Wilson (1972) 

identified a bedform hierarchy of aeolian sand deposits, termed ‘aeolian bedform 

elements’, and ranked the bedforms from 1
st
- to 4

th
-order (loosely based on the fluvial 

bedform hierarchy of Allen, 1968; Figs. 1.4A, 1.5A). The hierarchical order of aeolian 

bedform elements is consistent with the scale and genetic interpretation of the bedform 
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(Fig. 1.5A). Friend et al. (1979) expanded the concept to include a bedform assemblage 

through the grouping of bedforms into sand bodies with a specific external geometry, 

comprising sheet and ribbon (including simple and complex or multi-storey forms). 

Identification of an assemblage of superimposed bedforms of various scales, with a 

characteristic external geometry, and formed under different environmental conditions, 

forms the basis of AEA (Allen, 1983). 

 

Hierarchy relating to bounding surfaces 

A hierarchical classification not only applies to the physical scale of bedforms and 

elements of a depositional system, but also to bounding surfaces separating sedimentary 

units of different types and scales. The delineation of a bounding surface hierarchy is the 

foundation of AEA (Miall, 1988). Brookfield (1977) identified a bounding surface 

hierarchy (based on Wilson, 1972) consisting of 1
st
- to 3

rd
- order surfaces in modern and 

ancient aeolian sand units (Fig. 1.5B), whereby bounding surfaces of various scales are 

generated by the superimposition of aeolian bedforms, and represent various degrees of 

environmental change. For example, 3
rd

-order surfaces delineate cross-stratified sets and 

represent local changes in wind direction and velocity, and 1
st
-order surfaces cross-cut 

lower-order surfaces and record the migration of draas (Brookfield, 1977). Sequence 

stratigraphy, which was introduced by Exxon in the same year as Brookfield (1977)’s 

paper on aeolian bounding surfaces, relies strongly on the identification and delineation 

of bounding surfaces of various degrees of environmental significance separating 

sedimentary units (Vail et al., 1977); however, the primary objective of sequence 
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stratigraphy is to understand the control of sea level change on large-scale basin-fill 

successions in order to predict lithologies and to delineate the continuity and geometry of 

sand bodies (primarily for hydrocarbon exploration purposes). Sequence stratigraphy does 

not require the hierarchical ranking of bounding surfaces at various scales (local to 

regional) which is a fundamental component of AEA (Miall, 1988; Bhattacharya and 

Posamentier, 1994).  

Hierarchy relating to sedimentary units  

 AEA uses hierarchies of bedforms and bounding surfaces, their form, and their 

genetic interpretation, as the basis for paleoenvironmental reconstruction; hence, a 

hierarchy is also utilized to characterize the degree of environmental change resulting in 

different assemblages of bedforms and bounding surfaces. The degree of environmental 

change is recorded by sedimentary units and bounding surfaces of different physical scale 

which likely formed over different temporal scales, from facies (small-scale sediment 

packages; first- to third-order surfaces), facies associations (‘architectural elements’; 

fourth-order surfaces), large-scale channel fill (fifth-order), and valley and basin fill 

(sixth- and seventh-order; Miall, 1985). Beerbower (1964) identified and classified five 

main ‘environmental elements’ of the fluvial depositional system, including a channel, 

abandoned channel, crevasse, levee, and floodplain. According to Beerbower (1964), 

different types and magnitudes of external (‘allocyclic’; e.g. subsidence, compaction, 

topography, slope, discharge, and load) and internal (‘autocyclic’; e.g. diversion, 

crevasse, neck and chute cutoff, and meander migration) controls acting on an alluvial 

depositional system influence the type, geometry, lithologic composition, and lithologic 
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cycles (e.g. cyclothems) of environmental elements (Beerbower, 1964). The 

‘environmental element’ is a crude precursor to the ‘architectural element’ of AEA (Allen 

1983; Miall 1985).  

 Arguably the most important advance in sedimentology during the 20
th

 century 

was the advent of the concept of facies and facies models (Miall 1977; Walker, 1984, 

1990; Eyles et al. 1985; James and Dalrymple, 2010), as this has contributed significantly 

to the description, classification, and interpretation of sedimentary deposits, and 

understanding of the depositional processes that formed them. Although facies models 

provide a summary of facies and processes in a given depositional environment, they do 

not provide the flexibility required to capture the variability in facies types and 

associations, the geometry of deposits, and range of depositional processes at a specific 

study site at various spatial scales, which makes direct comparison between study areas, 

difficult. Facies codes, first developed for the description of fluvial sediments (Miall, 

1977) and types of diamict (Eyles et al., 1983; Fig. 1.6), provide sedimentologists with a 

tool for standardized, objective facies classification, which, accompanied by site-specific 

detailed facies descriptions and a facies model, allows detailed paleoenvironmental 

analysis and objective comparison to other study areas. The diamict facies code 

developed by Eyles et al. (1983) includes careful description of diamict facies contacts 

and provides glacial sedimentologists with a powerful tool to describe, identify, and 

interpret diamicts deposited by in different depositional environments (e.g. subglacial 

versus glaciolacustrine). 
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Fig. 1.4 Bedform hierarchy and assemblages of Allen (1968). A. Bedforms generated 

under different flow velocities (modified from Allen, 1968; Ashley, 1990). B. Bedform 

hierarchy relationship to flow depth (modified from Allen, 1968). C. Bedform hierarchy 

assemblages formed under different depositional conditions (modified from Allen, 1968). 
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Fig. 1.5 Bedform and bounding surface hierarchy in aeolian deposits. A. Hierarchy and 

genetic origin of aeolian bedforms (modified from Wilson, 1972). B. Hierarchy of 

bounding surfaces in aeolian deposits exposed in outcrop (modified from Brookfield, 

1977). 
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Fig. 1.6 Facies codes developed for A. braided river deposits (modified from 

Miall, 1977) and B. diamict (modified from Eyles et al., 1983) 
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The integration of data regarding different types and geometries of facies contacts (and 

their genetic interpretation), bedform hierarchies and geometries of facies associations 

(and their paleoenvironmental significance), an understanding of autogenic and allogenic 

controls on sedimentary geometries, and facies codes and models, serves as the 

underlying foundation of AEA, and has allowed the development of AEA as powerful 

methodology for the analysis of sedimentary geometry in different depositional 

environments. 

1.2 ESTABLISHED METHODOLOGY OF AEA 

Allen (1983) documented the internal geometry of braided river fluvial deposits of 

the Late Devonian Brownstones in Wales from sandstone exposed in outcrop (Fig. 1.7) in 

order to reconstruct channel style, and differentiate between low-sinuosity (lenticular and 

multi-storey geometry) and high-sinuosity (displaying lateral accretion bedding) stream 

deposits. Building on previous work establishing bounding surface and bedform geometry 

and hierarchies, Allen (1983) identified four types of bedding contact 

(concordant/discordant, erosional/non-erosional) in the fluvial sandstones which, together 

with facies composition, form a hierarchy of bedding contacts that delineate laminae 

(zeroth-order), set boundaries (first-order), groups of genetically-related facies called 

‘complexes’ (second-order), and groups of complexes (third-order; Fig. 1.7A). 

Delineation of the internal geometry of cross-stratified sandstone bodies allows 

reconstruction of bar types (cross- and plane-bedded simple, compound, and compound-

composite types) and dunes recorded in the Brownstones. A series of detailed hand 

sketches of cross-stratification and bounding surfaces allowed the identification of 
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‘depositional features’ with distinct internal geometries which make up the internal 

architecture of the sandstone sheets (Fig. 1.7B; Allen, 1983). The sand body geometries 

recorded from outcrop, combined with facies models of fluvial systems, lead to the 

establishment of site-specific facies models for the low-sinuosity fluvial system recorded 

in the Brownstones (Allen, 1983). 

Miall (1985) recognized the significance of sedimentary architecture for 

paleoenvironmental reconstruction, and refined the earlier concepts of Allen (1983) to 

develop the methodology of AEA. Miall (1985) proposed a hierarchy consisting of first- 

to fourth-order surfaces (similar to that of Allen, 1983), which was later refined to include 

first- to sixth-order surfaces (Miall, 1988; Fig. 1.8). Fourth-order surfaces delineate 

architectural elements, the basic building blocks of the sedimentary architecture of a 

system, and fifth-order bounding surfaces mark the base of channel complexes. The 

bounding surface scheme of Miall (1985) also designates a sixth-order bounding surface 

to demarcate the base of a paleovalley complex (Fig. 1.8).  

 Miall (1985) emphasized the importance of describing the nature of the upper and 

lower bounding surfaces, external and internal geometry, and scale of the architectural 

elements. In Miall’s original paper (Miall, 1985), eight different architectural elements 

were identified, including channel (CH), lateral accretion (LA), sandy bedform (SB), 

gravel bars and bedforms (GB), laminated sand sheet (LS), overbank fines (OF), sediment 

gravity flows (SG), and foreset macroforms (FM; Fig. 1.8A). These architectural 

elements vary in scale and internal complexity, and the CH element is particularly 

complex in that it is comprised of other architectural elements. In a later revision of AEA,  
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Fig. 1.7 Sedimentary architecture of the Brownstones (Wales) braided river sandstone. A. 

Facies contact hierarchy of zeroth- to third-order surfaces. B. Depositional features 

recording different architectures of sandstone bodies (black circles indicate gravel; 

modified from Allen, 1983). 
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Fig. 1.8 Architectural element analysis of fluvial deposits characterized by Miall 

(1985). A. Cartoon illustrating architectural elements of fluvial deposits and B. 

The internal facies composition and geometry of elements (modified from Miall, 

1985). C. Revised bounding surface hierarchy (modified from Miall, 1988). D. 

Bounding surface hierarchy of fluvial deposits (modified from Miall, 1988). 
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Fig. 1.9 Conceptual architectural models representing different fluvial styles based on the 

assemblage and spatial relationship of architectural elements. A. Proximal alluvial fan. B. 

Deep, low sinuosity river. C. Fine-grained meandering river (modified from Miall, 1985). 

Refer to Fig. 1.8 for architectural element codes and description. 
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the FM element was subdivided into the lateral accretion (LA) and downstream accretion 

(DA) elements (Miall, 1988). The assemblage and spatial arrangement of architectural 

elements allowed Miall (1985) to develop a series of facies models, from proximal 

alluvial fans dominated by sediment gravity flows to sheetflood river plains dominated by 

flash floods (Fig. 1.9). 

Recognition of the significance of facies contacts at small-scales of resolution 

(below that of a set boundary, recording individual ripple foresets) and larger-scale 

contacts demarcating a high degree of environmental change (the base of a basin-fill 

succession) prompted yet another revision of the bounding surface hierarchy to include 

zeroth- to seventh-order surfaces (Miall, 2010). Architectural element analysis of fluvial 

deposits by other workers has resulted in the characterization of several different 

architectural elements including levee, crevasse splay, and shallow lake elements (e.g. 

Hornung and Aigner, 1999; Ghazi and Mountney, 2009).  

1.2.1 Limitations of AEA 

AEA is a powerful tool for the analysis of sedimentary architecture; however, it is limited 

in certain aspects. Four main limitations of AEA include: 1) difficulty in precise 

predictive mapping utilizing AEA, 2) uncertainty in regional correlations and the 

significance of site-specific and local-scale sedimentary architecture delineated by AEA, 

3) the restriction of AEA to sediments exposed in outcrop sections that are laterally and 

vertically extensive, and the paucity of outcrop sections that allow for full 3-dimensional 

reconstruction of sedimentary geometry of large-scale elements, and 4) terminology and 

bounding surface definitions are ambiguous, and genetic interpretations may be used for 
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descriptive purposes (e.g. Fig. 1.8), which hinders objective and systematic description of 

observations and data. This makes comparison of sedimentary geometries delineated at 

different sites difficult. The limitations of AEA are discussed below, mainly with 

reference to comments made by Walker (1990) and Bridge (1993).  

1.2.1.1 Limitation 1: Predictive mapping of elements 

 AEA facilitates delineation of the geometry of genetically-related facies 

associations which are packaged at different spatial scales (Fig. 1.8C). The geometry of 

architectural elements (fourth-order surfaces; Fig. 1.8) is delineated from outcrop 

sections, and the spatial arrangement and relationship of architectural elements allowed 

Miall, (1985) to construct a series of twelve conceptual architectural models representing 

different fluvial styles in which an assemblage of different architectural elements may be 

included (of which three models are depicted in Fig. 1.9). The spatial arrangement and 

relationship of architectural elements delineated from outcrop sections may allow 

paleoenvironmental reconstruction of units with similar fluvial styles to those illustrated 

in these architectural models (Fig. 1.9); however, Walker (1990) aptly pointed out that, 

“if the combinations of elements are ‘almost infinitely variable’, and the elements 

have become the basis for prediction, it follows that prediction can only be 

attempted within an element…but it is impossible to predict where to look for 

channels, gravel bars and bedforms, or lateral accretion deposits” (Walker, 1990). 

 

The combination of architectural elements within a deposit is, in fact, not infinitely 

variable because depositional environments have a specific suite of transport and 

depositional processes, and are influenced by certain autogenic and allogenic controls; 
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hence, the sedimentary architecture of a depositional environment likely contains a finite 

suite of facies associations and architectural elements (e.g. fluvial versus subglacial 

architectures). Understanding of the potential autogenic and allogenic controls (e.g. 

tectonics, climate, sediment availability, topography) of an area may provide insight into 

the types and assemblages of architectural elements that are likely to compose the 

sedimentary architecture (Fig. 1.9; Miall, 1985). The spatial arrangement and relationship 

of architectural elements and the bounding surface hierarchy can therefore allow mapping 

of ‘architectural units’ across a local-scale study area (Fig. 1.10) and the types and spatial 

arrangement of architectural elements may be predicted at a local scale.  

 

1.2.1.2 Limitation 2: Type-models for sedimentary architectures 

 The architectural models of Miall (1985; Fig. 1.9) are not intended as type-models 

of the sedimentary architecture of different fluvial styles (as noted by Miall, 1985) 

because the precise spatial arrangement, contiguity, interconnectedness, and geometry of 

architectural elements formed within a depositional environment are probably highly 

variable; hence, a single ‘type-site architectural model’ for a depositional environment is 

improbable. The lack of a ‘type-site model’ for paleoenvironmental interpretation of 

local-scale sedimentary architectures is pointed out by Walker (1990), stating, 

 “AEA offers no overall point of reference (norm) for a depositional system as a 

whole….and in the absence of a norm there is no way of knowing whether the 

individual example is similar to, or greatly different from, other examples”.  

 

Facies models provide a ‘norm’ or ‘type-model’ of facies assemblages for a depositional 

environment; however, it has long since been recognized that facies models do not  
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Fig. 1.10 Architectural units (‘Element Associations’, EAs) delineated in Limehouse, 

Ontario, Canada. A. Study area location in Limehouse pit (grey box represents the 

orientation and location of B.). B. Conceptual block diagram of Element Associations 

(EAs1-6) bounded by fifth-order surfaces (based on data recorded from outcrop sections; 

from Slomka and Eyles, 2013). 
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account for all variability in facies types, associations, and processes in a depositional 

environment, and new facies models are constructed to represent depositional 

environments that do not ‘fit’ to existing generalized facies models (James and 

Dalrymple, 2010; Miall, 2014). The sedimentary architecture of a deposit delineated 

utilizing AEA is likely to be site-specific (due to the spatiotemporal variability of 

depositional processes); however, the application of AEA is still in its infancy for many 

depositional environments, and, similar to facies models, additional future studies 

utilizing AEA may provide a database of sedimentary architectures applicable to different 

depositional environments and allow patterns of architectural element assemblages to be 

utilized as ‘type-assemblages’ (likely similar to the fluvial-sites architectural models of 

Miall, 1985; Fig. 1.9). Future studies utilizing AEA for the analysis of deposits formed in 

different depositional environments, and in different geographic locations, may provide 

insight to the distinction between ‘norm’ and ‘outlier’ architectures. 

 

1.2.1.3 Limitation 3: Scale and accessibility 

The third limitation of AEA identified here is the scale of, and accessibility to, exposed 

outcrop sections. AEA is commonly utilized for delineation of sedimentary architecture 

from exposed outcrop sections, which are finite in their vertical and lateral extent, and on 

which facies and sedimentary geometries can be traced laterally for some distance; 

however, Walker (1990) points out that, 

“it is obvious that AEA requires three-dimensional outcrop of a kind rarely 

encountered; it is almost impossible to do in the subsurface where bounding 

surfaces are hard or impossible to define in cores.” (Walker, 1990).  
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The delineation of the geometry of architectural elements is dependent on the scale of the 

element; whereby if the width or length of an element exceeds the lateral extent of the 

outcrop exposure, or the thickness of an element is greater than the vertical extent of the 

outcrop, the geometry of the architectural element (or architectural unit, element 

association; Fig. 1.10) cannot be defined. This is the greatest drawback of AEA because: 

1) elements (e.g. channels and gravel bars; CH and GB elements; Fig. 1.8) are commonly 

tens to hundreds of metres long or wide, and several tens of metres in thickness, greater 

than the scale of most outcrop exposures; 2) outcrop sections are commonly 2-

dimensional faces that rarely orthogonally intersect; and 3) outcrop sections rarely dissect 

elements orthogonal or perpendicular to paleoflow direction (Bridge, 1993). In order to 

overcome the limitation of scale and accessibility, detailed paleocurrent data collected 

from cross-bedded sand and gravel facies, rippled sand facies, and bedding surfaces, in 

combination with data on the nature of facies contacts, may be utilized to reconstruct the 

3-dimensional geometry of architectural elements (e.g. the Castlegate Sandstone 

architecture delineated by Miall, 1994). Geophysical data (e.g. ground penetrating radar, 

GPR) can be used to provide a three-dimensional reconstruction of sedimentary geometry 

(e.g. Hornung and Aigner, 1999; Boyce and Eyles, 2000; Heinz and Aigner, 2003; 

Bersezio et al., 2007); however, geophysical methods are commonly dependant on site 

conditions (e.g. GPR is most successful in areas with coarse-grained sediment above the 

water table) and geometries imaged by geophysical methods are again limited by the 

scale of the architectural elements and dimensions of the geophysical survey. The 

limitation of scale makes application of AEA to analysis of core data difficult; however, 
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detailed attention to facies types and contacts, careful grouping of facies associations, 

systematic characterization of unit hierarchies, and utilization of modern analogues 

allows delineation of sedimentary geometries (as demonstrated in this thesis; Chapter 4) 

Outcrop analogues and geophysical and hydrogeological data are commonly utilized to 

provide additional information for subsurface architectural models (e.g. Boyce and Eyles, 

2000; Bridge and Tye, 2000; Gerber et al., 2001; Hansen et al., 2009). Alternatively, pits 

are excavated and outcrop sections are cleared to expose faces orientated orthogonal to 

each other (e.g. Kessler et al., 2012); however, only small-scale (several tens of 

centimetres to a few metres) sedimentary geometries are typically delineated from such 

excavations.  

1.2.1.4 Limitation 4: Terminology and ambiguity 

The importance of objective terminology for the description of sedimentary deposits was 

highlighted by Allen (1963) and utilized to refine the classification scheme of cross-

stratification (Fig. 1.3). Bridge (1993) noted that the nomenclature utilized to classify 

architectural elements (Fig 1.8) is interpretative, and suggested the use of descriptive and 

unambiguous terminology, and mutually exclusive parameters, to classify and 

communicate data on bounding surfaces and sediment geometries. Bridge (1993) also 

noted that the bounding surface hierarchy of AEA is difficult to apply in the field because 

surfaces delineating different sedimentary bodies (e.g. ripples versus cross-beds) may 

have formed in a similar time-scale and bounding surfaces may transition between 

hierarchical levels (Bridge, 1993). As a result, Bridge (1993) suggested a hierarchical 
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order of sediment bodies (e.g. microforms, mesoforms, and macroforms) rather than 

bounding surfaces.  

 

1.3 SEDIMENTARY ARCHITECTURE OF GLACIAL DEPOSITS 

Quaternary-age glacial deposits commonly host groundwater reservoirs that serve as 

significant aquifers for municipal water supply. There is also increasing interest in the 

potential of glacial deposits to form hydrocarbon reservoirs, particularly in regions of 

North and South America (França and Potter, 1991; Eyles et al., 1995, Bachu, 1997; 

Huuse et al., 2012). Locating and delineating groundwater and/or hydrocarbon reservoirs 

in glacial deposits requires information regarding the geometry and architecture, and 

internal heterogeneity, of the reservoirs and their hosting deposits. Characterizing the 

sedimentary heterogeneity of glacial deposits is challenging, and is due, in part, to the 

dynamic nature of glacial depositional environments and the lack of a systematic 

methodology to record multi-scale heterogeneity and geometry directly in the field. 

Effective translation of these data to create comprehensive stratigraphic models is also an 

issue. 

The architecture of glacial deposits is most commonly recorded using a 

landsystem approach (Evans, 2005), both at modern ice margins and in previously 

glaciated regions (discussed in Chapter 3 of this thesis), and is documented by analysis of 

glacial sediments exposed in outcrop utilizing facies analysis and lithostratigraphy (e.g. 

Meyer and Eyles, 2007), tectonostratigraphy, including the analysis of deformation 

structures (e.g. Phillips et al., 2002; Arnaud, 2012; Kessler et al., 2012), basin analysis 
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(e.g. Eyles et al., 1985), geophysical imaging (e.g. Eyles et al., 2003), allostratigraphy 

(e.g. Eyles et al., 1998), sequence stratigraphy (e.g. Brookfield and Martini, 1999), and 

microfabric analysis (e.g. Menzies et al., 2006). Lithostratigraphy, sequence stratigraphy, 

and allostratigraphy are all formal stratigraphic methodologies for the delineation of 

sedimentary units and architecture; however, utilization of these approaches for 

architectural analysis of glacial successions, which are commonly non-marine, may not 

be appropriate, for reasons discussed in later chapters of this thesis (Chapters 2-4). 

Analysis of glacial deposits utilizing tectonostratigraphy and microfabric analysis provide 

insight into the physical stresses exerted on glacial sediments (commonly of subglacial 

origin) and the style of deformation (strain) in response to that stress, which is commonly 

recorded by secondary structures and deformed sediment bodies (Arnaud, 2012). 

However, these approaches do not provide a systematic methodology for delineating and 

interpreting the detailed sedimentary geometry of facies associations (i.e. sediment 

bodies) for paleoenvironmental analysis at various scales of resolution. Recently, AEA 

has been applied to the architectural analysis of glacial deposits, specifically those of 

jökulhlaup (Marren et al., 2009) and subglacial (Boyce and Eyles, 2000) origin (Fig. 

1.11). Understanding the internal heterogeneity and architecture of glacial deposits is 

timely, specifically as it relates to recent issues concerning bitumen flow to surface in the 

previously glaciated terrain of the Primrose/Wolf Lake oil sands area in Alberta, Canada 

(Alberta Energy Regulator, 2014). 
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Fig. 1.11 Architectural element analysis (AEA) applied to the analysis of subglacial 

sediments. A. Architectural elements identified in the Northern Till (Ontario) exposed in 

outcrop sections, including diamict elements, interbeds, and deformed zone elements 

(modified from Boyce and Eyles, 2000). B. Fence diagram of architectural elements 

delineated in boreholes drilled in the Whitevale area (north of Toronto; modified from 

Boyce and Eyles, 2000). 
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1.4 OBJECTIVES OF THIS RESEARCH 

This thesis utilizes AEA as a descriptive and interpretive tool to systematically record the 

sedimentary heterogeneity and geometry of modern and Quaternary-age glacial 

successions and is based on detailed observation of facies types, facies associations, their 

geometry, and the nature and spatial arrangement of bounding surfaces between facies. 

This thesis explores the full capacity of AEA in order to answer three main research 

questions:  

1) How can AEA be utilized to deconstruct glacial successions (exposed in outcrop, 

boreholes, and at modern ice margins) into their component building blocks that make up 

the sedimentary architecture?; 

2) How does AEA enhance paleoenvironmental reconstruction and further our 

understanding of the depositional history of glaciated regions?; and 

3) How can the architectural framework of a glacial succession (delineated utilizing 

AEA) provide insight to predictive mapping of subsurface glacial deposits and inform 

hydrogeologic models in glaciated terrains?  

This project involves detailed examination of late-Wisconsin-age glacial deposits exposed 

in outcrop sections in Illinois (Chapter 2), investigation of sedimentary architecture 

delineated from glacial deposits at a modern ice margin (Sólheimajökull, southern 

Iceland; Chapter 3), and analysis of Quaternary-age sediment recovered from fully-cored 

boreholes drilled in Georgetown, Ontario (Chapter 4; Fig. 1.12).  

 Chapter 2 of this thesis explores how AEA can be utilized to organize and 

characterize the detailed sedimentary heterogeneity of a till succession. Fieldwork was 
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conducted at two outcrop sites in north-central Illinois, U.S.A. (Fig. 1.12), which expose 

Late Wisconsin-age till of the Tiskilwa Formation. Detailed facies analysis requires close 

and careful inspection of sediments and their bounding discontinuities (including 

measurements such as paleocurrent directions, gravel clast size and orientations, and dip 

direction of bedding planes), and delineation of sedimentary geometries from outcrop 

requires laterally and vertically extensive exposures; however, subglacial deposits are 

rarely well-exposed in section, partly due to their susceptibility to slumping and surface 

desiccation (and cementation) and the angle of the exposed outcrop face which is 

commonly near-vertical where tills are exposed in stream cuts (e.g. Rouge River near 

Toronto), making clearing of debris and access to clean outcrop faces difficult. The 

Rattlesnake Hollow study area in Illinois was selected based on the lateral and vertical 

extent of well-exposed and easily accessible outcrop sections of till, which allowed 

detailed field collection of data to be used for AEA. Fieldwork at Rattlesnake Hollow 

allowed the identification of five architectural elements (fourth-order surfaces) which 

comprise the internal architecture of the Tiskilwa Formation till. The grouping of 

genetically-related architectural elements and their relationship to fifth-order bounding 

surfaces facilitated the characterization of larger-scale architectural packages, called 

element associations, which can be mapped across the local study area. The results of this 

study demonstrate the applicability of AEA to the systematic documentation and 

interpretation of local-scale till sheet heterogeneity at different scales of resolution 

(Research question 1). The fifth-order bounding surfaces delineated in the till (in this 

study) record allogenic controls on the subglacial bed mosaic, which generate periods of 
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separation and reattachment of the ice and its bed and allow deposition of sands in 

subglacial canals (Research question 2). The heterogeneity within the Tiskilwa Formation 

till, as recorded in this study, may be utilized to inform local-scale groundwater 

investigations in areas where the till is more deeply buried (Research question 3).  

 The third chapter of this thesis explores the validity of AEA for delineation of the 

sedimentary architecture of a modern glacial landscape. Fieldwork was conducted at 

Sólheimajökull glacier in southern Iceland (Fig. 1.12). Sólheimajökull is an outlet glacier 

of the Mýrdalsjökull icecap (Fig. 1.12), which overlies the Katla volcano, and has 

experienced several jökulhlaup (catastrophic flood) events triggered by volcanic 

eruptions, geothermal activity, ice-dammed lakes, and storm events. The Sólheimajökull 

landscape was selected to test AEA based on its accessibility (including a gravel road 

accessible to vehicles and short walking distance to the ice margin and proglacial area), 

availability of vertical outcrop sections which expose tills and glaciofluvial sediments 

along the proglacial river and on abandoned terraces, and the rich collection of previously 

conducted and ongoing research, historical accounts, and visual documentation (satellite 

imagery, air photos, hand-drawn sketch maps dating back to 1705 AD) at Sólheimajökull, 

which allowed verification of the recent depositional history and evolution of the glacial 

landscape. Fieldwork was conducted at Sólheimajökull and basic principles of AEA and 

landsystems analysis were integrated in order to facilitate delineation of the sedimentary 

architecture of the Sólheimajökull landsystem. Sixth-order surfaces delineate landsystem 

tracts, which are deconstructed into smaller-scale architectural units called landsystem 

components (fifth-order surfaces) made of genetically-related surface features (fourth-
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order surfaces; Research question 1). The spatial arrangement of landsystem components, 

together with data regarding previously reconstructed ice margin positions, jökulhlaup 

events and their effect on the geomorphology of the glacial landscape, and historical 

imagery and accounts of geomorphic changes such as the location of proglacial streams, 

allowed the characterization of allostratigraphic units and reconstruction of the 

depositional history and evolution of the Sólheimajökull landsystem (Research question 

2). The internal sedimentary architecture of landsystem tracts in ice marginal, proglacial, 

and ice distal locations, as delineated in this study, can be utilized as a guide for the 

characterization of the subsurface architectures of Quaternary glacial deposits in 

previously glaciated terrain.  The geometry of the glaciofluvial landsystem tract may also 

provide insight into the geometry and heterogeneity of coarse-grained units that may host 

prospective aquifers in previously glaciated areas (Research question 3). 

 Data from Sólheimajökull and Illinois were utilized as modern and outcrop 

analogues, respectively, to provide insight into the sedimentary architecture of subsurface 

Quaternary glacial deposits in Georgetown, southern Ontario (Canada; Chapter 4; Fig. 

1.12). The Georgetown area was selected for study because of concerns related to the 

sustainability of new and existing municipal groundwater supplies in the area, and the 

need to understand the subsurface heterogeneity as it relates to the connectivity and 

effectiveness of aquifers and aquitards. The thick succession of Quaternary glacial 

deposits, that commonly infill buried bedrock valleys in the Georgetown area, have 

complex spatial relationships and have been the focus of several previous studies (Meyer 

and Eyles, 2007; Brennan, 2011; Slomka, 2011; Slomka and Eyles, 2013). The 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

47 

 

availability of 24 fully-cored boreholes in the Georgetown area allowed basic concepts of 

AEA to be applied to the analysis of subsurface sediments and the delineation of fourth- 

to seventh-order surfaces and a hierarchy of units including architectural elements, 

architectural components, and architectural units (Research question 1). The spatial 

arrangement and relationship of architectural components identified in core facilitated 

reconstruction of the detailed depositional history of the Georgetown area, including at 

least six ‘incision events’ by glaciofluvial erosional processes (Research question 2), and 

may provide insight to the hydrogeology of aquifer systems in the Georgetown area. A 

major finding of this study is that AEA can be effectively utilized for delineation of 

subsurface architectures from the analysis of core, and the hierarchies of bounding 

surfaces and units of AEA can be utilized to organize the sedimentary heterogeneity into 

a ‘nested’ architectural framework.  This framework preserves the high-resolution 

sedimentary complexity in areas with closely spaced boreholes and detailed architectural 

information and maintains the ‘big picture’ geologic framework for application in areas 

with a higher degree of uncertainty in the delineation of unit geometries. The nested 

architectural framework may be utilized to inform hydrostratigraphic models of the 

Georgetown area, and the methods applied in this study can be applied to subsurface 

investigations in other previously glaciated areas (Research question 3).  

AEA, as utilized in this thesis, provides a tool to construct an architectural 

framework in glacial successions, and may help to facilitate communication and 

translation of data between the disciplines of ‘geology’ and ‘hydrogeology’. The results  
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Fig. 1.12 Field site locations. A. Locations of field sites in North America including 

Rattlesnake Hollow, Illinois (Chapter 2) and Georgetown, Ontario (Chapter 4; imagery 

from Google Earth, 2014). B. Field site location at Sólheimajökull in southern Iceland 

(Chapter 3; imagery from Google Earth, 2013).  
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of this project can be utilized as a framework to better understand the sedimentary 

geometry and hydrostratigraphy of modern glacial landscapes and Quaternary glacial 

deposits elsewhere. 

 

1.5 THESIS STRUCTURE  

This thesis is a ‘sandwich’-style thesis composed of five chapters, including: 

(i) Chapter 1: Introduction 

This chapter introduces the fundamental concepts and ideas underlying AEA, provides an 

overview of the methodology of AEA and its limitations, and very briefly summarizes 

other methodologies utilized to delineate the sedimentary architecture of glacial deposits. 

 

(ii) Chapter 2: Internal architecture of a till sheet, Tiskilwa Formation, north-central 

Illinois, U.S.A.  

The detailed internal architecture of the Tiskilwa Formation till sheet is delineated from 

two outcrop sections. Facies types and the nature of facies contacts (bounding surfaces) 

are recorded in five sedimentary logs. The nature of facies contacts and change in facies 

type and association on either side of the contact allowed the delineation of a bounding 

surface hierarchy. Facies associations with a characteristic geometry (bounded by fourth-

order surfaces) allowed the characterization of five architectural elements. The 

assemblage of genetically-related architectural elements and the stratigraphic position of 

major erosional surfaces (fifth-order) allowed the identification of five element 

associations (EAs1-5), which provide insight to the depositional history of the Tiskilwa 
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Formation till, and its significance to hydrogeological investigations, in the local study 

area. 

 

(iii) Chapter 3: Architectural-landsystem analysis of a modern glacial landscape, 

Sólheimajökull, southern Iceland 

This chapter explores the applicability of AEA to the analysis of glacial sediments at a 

modern ice margin in southern Iceland. Concepts of architectural element analysis and 

landsystem analysis are integrated in order to delineate the sedimentary architecture of the 

Solheimajokull landsystem. The architectural-landsystem approach, as utilized here, 

allowed the characterization of four landsystem tracts composed of smaller-scale 

architectural units (‘landsystem components’), which in turn, allowed the identification of 

eight different allostratigraphic units and reconstruction of the evolution of 

Sólheimajökull landsystem. 

 

(iv) Chapter 4: Deconstructing the sedimentary architecture of Quaternary glacial 

sediments recovered from fully-cored boreholes, Georgetown, Ontario using 

architectural element analysis 

This paper examines 24 fully-cored boreholes drilled in the Georgetown area of southern 

Ontario in order to delineate the sedimentary architecture of subsurface glacial deposits in 

an area with a paucity of outcrop sections. The core was logged in detailed, including 

facies types and the nature of facies contacts, which were recorded in 24 vertical profile 

logs. The nature of facies contacts, genetic interpretation of facies types, and the change 
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in facies associations on either side of facies contacts facilitated the delineation of a 

bounding surface hierarchy (fifth- to seventh-order). The genetic interpretation of facies 

types, and their stratigraphic position in vertical succession, allowed the delineation of 

eleven architectural units (AU1-11; sixth-order surfaces). Detailed analysis of smaller-

scale packages of genetically-related facies within each AU and the nature of facies 

contacts, allowed the delineation of smaller-scale units, called architectural components 

(delineated by fifth-order surfaces), which define the architecture of the AUs and allow 

for paleoenvironmental reconstruction in the Georgetown area. 

 

(v) Chapter 5: Conclusions and Recommendations for Future Work 

This chapter provides a brief summary and discussion of the significance of the research 

findings in Chapters 2-4 of this thesis, and areas of future research are suggested. 

 

1.6 PREFACE 

The chapters (Chapters 2-4) composing the body of this thesis are formatted and prepared 

for submission to peer-reviewed scientific journals. The Illinois paper in Chapter 2 has 

several authors, of which J. Slomka is the primary author. The research, writing, and 

figure drafting was conducted by J. Slomka, editing of the manuscript and figures and 

discussion was provided by C.H. Eyles (Supervisor), fieldwork assistance, editing, and 

data access were provided by the co-authors (R. Mulligan, D. McKay, and R. Berg), and 

additional fieldwork assistance was provided by others mentioned in the 
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Acknowledgements section of Chapter 2. This paper is accepted for publication in 

Sedimentology (manuscript number SED-2014-OM-045).  

 The Iceland paper (Chapter 3) is submitted to Geomorphology (manuscript 

number GEOMOR-4972) and is undergoing the peer-review process. The primary author 

is J. Slomka, who was responsible for fieldwork, data collection and analysis, review of 

the literature, writing of the manuscript, and drafting of figures, and the second author is 

C.H. Eyles (Supervisor) who provided significant editing of the manuscript and figures 

and insightful discussion on the ideas presented in the manuscript.  

 The third paper composing the body of this thesis (Chapter 4) has two authors. 

J.Slomka (primary author) and C.H. Eyles (Supervisor). J.Slomka was responsible for 

field reconnaissance, core analysis, data collection and analysis, literature review, writing 

of the manuscript, and drafting figures. C.H. Eyles contributed to editing of the 

manuscript and figures and helpful discussion of ideas contained within the manuscript. 

This paper is formatted to submit to Canadian Journal of Earth Sciences, and is not yet in 

review. 
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Abstract   

Thick till sheets deposited during the Quaternary form significant aquitards in many areas 

of North America. However, the detailed heterogeneity, architecture, and depositional 

history of till units are not well understood. This study utilizes architectural element 

analysis (AEA) to facilitate delineation of the internal architecture of the Tiskilwa 

Formation exposed at two outcrop sections in north-central Illinois, U.S.A. AEA is based 

on physical characteristics (nature of facies contacts and change in facies associations), 

delineation of sedimentary geometry, and understanding depositional processes at 

different scales of resolution. This allows for modification of AEA for analysis of 

sedimentary architecture in other depositional environments, including subglacial 

deposits. Eleven facies types are identified in this study, including sand, gravel, and 

diamict facies that record a suite of subglacial depositional processes. Detailed analysis of 

the nature and geometry of facies contacts (bounding surface hierarchy) and change in 

facies associations allows the delineation of five architectural elements, including coarse-

grained lens, coarse-grained sheet, mixed zone, diamict lens, and diamict sheet elements. 

The spatial arrangement and genetic interpretation of elements and their spatial 

relationship to fifth-order bounding surfaces facilitates the delineation of five larger-scale 

architectural units (‘element associations’), which can be mapped in the local study area 

and in turn record at least three stacked successions of meltwater accumulation and till 

deposition. The results of this study can be utilized for architectural analysis and 

paleoenvironmental reconstruction of till sheets in the study area and elsewhere. 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

66 

 

2.1 INTRODUCTION 

Thick successions of subglacial till deposited in North America by the Laurentide Ice 

Sheet during the Late Quaternary (Benn and Evans, 2010) form significant aquitards, and 

can also serve as a source of potable water due to the presence of coarse-grained interbeds 

(e.g. Rodvang and Simpkins, 2001). However, the heterogeneity, internal architecture, 

and precise mechanics of till are not well understood, and this results in inaccurate 

prediction of their three-dimensional facies geometry and control on water and 

contaminant migration to often deeper subsurface coarse-grained units (Boyce and Eyles, 

2000; Gerber et al., 2001; Evans et al., 2006). 

 This study involves the analysis of a till unit (Tiskilwa Formation) exposed in two 

stream cuts in north-central Illinois (Fig. 2.1). The Tiskilwa Formation (Fm.) is a Late 

Quaternary-age (Michigan sub-episode of the Wisconsin Episode) till unit within the 

Wedron Group (Fig. 2.2) that was deposited by the Michigan Lobe of the LIS as it 

advanced southwestward out of the Michigan Basin (Hansel and Johnson, 1996; Hansel 

and McKay, 2010). The Tiskilwa Fm. is a major constituent of the Bloomington-

Shelbyville Moraine complex (Fig. 2.1A, D) and overlies (and is interstratified with) 

several thick coarse-grained units (e.g. Henry Fm.) which form important aquifers for 

several communities in Illinois (Figs. 2.1, 2.2; Kempton et al., 1982). The 

sedimentological characteristics of the Tiskilwa Fm. have been described in outcrop 

studies (e.g. Johnson and Hansel, 1990; Carlson et al., 2004) and regional geological 

reports (e.g. Willman and Frye, 1970; Wickham and Johnson 1981; Wickham et al., 1988; 

Hansel and Johnson, 1996) as a homogeneous and massive till with a sandy texture, illite-  
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Fig. 2.1 Regional study area in north-central Illinois, U.S.A. (A) Significant geomorphic 

features and terrains (modified from Hansel and McKay, 2010). (B) Hillshade digital 

terrain model (DTM) draped with surficial geology and major geomorphic features 

(location of C shown in the box) in the Rattlesnake Hollow area. (C) Hillshade DTM with 

surficial geology showing the location of the two outcrop sections, Stop 1-3 (A-A’) and 

Stop 1-5 (B-B’), in Rattlesnake Hollow near the Village of Hopewell (data from McKay 

et al., 2007 and ISGS et al., 2011). (D) Conceptual cross-section of till sheets of the 

Wedron Group, including end moraines formed during ice stagnation, and outwash 

deposits of the Mason Group from Shelbyville to Chicago (the geometry of diamict units 

is based on subsurface geological records analysed by the ISGS; modified from Hansel 

and McKay, 2010). 
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Fig. 2.2 Time-distance diagram of north-central Illinois during the Late Quaternary 

(Michigan Subepisode of the Wisconsinan Episode). (A) Approximate ice marginal 

position and corresponding glacial landforms and stratigraphic units from Peoria to 

Chicago (shading indicates deposition of Fms.). (B) Conceptual idealized log of the 

stratigraphy (assuming preservation of all units) near Wedron comprising the Wedron and 

Mason Groups (the full succession of units here may not be present at all locations; based 

on data from Johnson and Hansel, 1990; Hansel and Johnson, 1996; Carlson et al., 2004; 

Hansel and McKay, 2010). 
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rich mineral content, and rare coarse-grained interbeds. It comprises four subunits, 

including (from the bottom upward) the Oakland facies of the Delevan Member (grey 

diamict with abundant wood fragments), the main Delevan Member (a silt-rich 

heterogeneous grey diamict), the ‘main’ unit (previously described as massive and 

homogeneous diamict with a distinctive reddish colour), and the Piatt Member (a 

stratified heterogeneous grey diamict; Fig. 2; Willman and Frye, 1970; Johnson and 

Hansel, 1990; Hansel and Johnson, 1996; Carlson et al., 2004). Diamict facies of the 

Tiskilwa Fm. in Illinois have previously been interpreted as subglacial in origin because 

of their strong fabric direction that is consistent with ice paleoflow direction (Johnson and 

Hansel, 1990; Carlson et al., 2004), the presence of bullet-shaped clasts, boulder 

pavements, and shear planes (Johnson and Hansel, 1990), a regional spatial relationship 

to (and greatest thickness in) the Bloomington-Shelbyville Morainic System (Wickham et 

al., 1988), overconsolidated and structureless diamict facies characteristics, sharp and 

erosional facies contacts between diamict beds (Johnson and Hansel, 1990), and 

deformation and incorporation of underlying sand facies and wood fragments (Wickham 

et al., 1988; Johnson and Hansel, 1990; Carlson et al., 2004).  

 The objective of this paper is to delineate, describe, and visualize the internal 

architecture of the Tiskilwa Fm. using architectural element analysis (AEA). AEA 

facilitates understanding of the spatial relationship of system components (e.g. different 

types of bedforms in a fluvial system, or submarine fans and channels in a deep-water 

setting; Miall, 1985; Hubbard et al., 2008), the sedimentary architecture constructed as a 

result of shifting components over spatiotemporal scales, and the auto- and allogenic 
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controls on the sedimentary architecture. The basic principles of AEA (packaging of 

facies associations and the hierarchy of bounding surfaces) are defined and utilized based 

on physical and visible sedimentological evidence; hence, they can be modified for the 

analysis of sediments deposited in different depositional environments. The vertical 

succession and spatial arrangement of facies associations and the nature of facies contacts 

are fundamental to the delineation of the bounding surface hierarchy of AEA, which is 

not reliant on relative base level change (sequence stratigraphic approach) and does not 

require identification of chronostratigraphic units or surfaces between different 

depositional environments (allostratigraphic approach); making AEA suitable for the 

analysis of complex glacial successions in non-marine settings.This analysis will facilitate 

a detailed interpretation of the depositional history of the Tiskilwa Fm. in the local study 

area and enhance understanding of its heterogeneity at a local-scale. The detailed internal 

sedimentary architecture of the Tiskilwa Fm. has not been previously documented; this 

study provides insight to the detailed architecture of the Tiskilwa Fm. in the local study 

area, and the paleoenvironmental and hydrostratigraphic significance of subunits within 

the till. 

 

2.2 STUDY AREA AND METHODS 

The study area is located in the Village of Hopewell, Illinois (roughly 150 km southwest 

of Chicago) within a forested ravine called Rattlesnake Hollow (Fig. 2.1; McKay et al., 

2008). Two outcrop exposures (named ‘Stop 1-3’ and ‘Stop 1-5’) of the Tiskilwa Fm. 

were studied, located along the valley walls of an underfit ephemeral tributary stream to 
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the modern Illinois River (Fig. 2.1). The outcrop exposure at Stop 1-3 is orientated 

orthogonal to ice paleoflow direction, and the exposure at Stop 1-5 is orientated parallel 

to ice paleoflow direction (Fig. 2.1; Carlson et al., 2004). The succession at Stop 1-3 is 

composed of a paleosol, the Sangamon Geosol (oldest), which is in turn overlain by a  

loess unit (>4 m thick), the Roxana Silt. These units are directly overlain by the 

glaciofluvial sand and gravel facies of the Henry Fm. and the Tiskilwa Fm. at the top of 

the succession (youngest) exposed at this site. At Stop 1-5, the lowermost unit comprises 

an Illinoian-age till, overlain by the Roxana Silt, Henry Fm., and Tiskilwa Fm. (Figs. 2.1, 

2.2; McKay et al., 2008). 

The outcrop faces were cleaned of debris with shovels, photographed from the 

base of the exposure, and logged where accessible. Five detailed sedimentological logs 

were recorded (RH1-RH5), which include data on grain size (x-axis), thickness (y-axis), 

primary and secondary sedimentary structure, clast shape, size, and lithology, and the 

nature of facies contacts (Fig. 2.3). A total of eleven facies types are recorded from 

outcrop in the sedimentological logs (Fig. 2.3), and include: matrix-supported diamict 

facies (massive/structureless, Dmm; deformed, Dmd; laminated, Dml; and stratified, 

Dms), sand facies (massive/structureless, Sm; deformed, Sd; and stratified sand, Ss), 

gravel facies (massive/structureless, Gm; deformed, Gd; and stratified, Gs), and fine-

grained facies (massive/structureless and deformed, Fmd; Figs. 2.4-2.7).  

 Architectural element analysis (AEA) is a methodology that was developed for the 

delineation of sedimentary heterogeneity in fluvial sandstones exposed in outcrop (Allen, 

1983; Miall, 1985). AEA is based on the concept of facies models (facies associations)  
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Fig. 2.3 Sedimentary logs recorded from outcrop exposures in Rattlesnake Hollow (the 

tops of logs are hung from the top of the exposed section and elevations are given in 

metres above mean sea level, m a.s.l.). (A) Outcrop Stop 1-3 (logs RH1-3). (B) Outcrop 

Stop 1-5 (logs RH4, 5). Facies codes indicate diamict facies (laminated, Dml; massive 

Dmm; deformed, Dmd; and stratified, Dms), sand facies (stratified, Ss; deformed, Sd; 

massive, Sm), gravel facies (stratified, Gs; massive, Gm; deformed, Gs), and fine-grained 

facies (Fmd). See Fig. 2.1 for outcrop locations and Figs. 2.4-2.7 for descriptions and 

photographs of facies types and contacts.  
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Table 2.1 Facies description and interpretation. Facies codes indicate diamict facies 

(matrix-supported laminated, Dml; massive Dmm; deformed, Dmd; and stratified, Dms), 

sand facies (stratified, Ss; deformed, Sd; massive, Sm), gravel facies (stratified, Gs; 

massive, Gm; deformed, Gs), and fine-grained facies (Fmd). See Figs. 2.4-2.6 for 

photographs of facies types (Miall, 1977, 2010; Eyles et al., 1983). 
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Fig. 2.4 Diamict facies (matrix-supported). (A) Laminated (Dml) diamict facies 

(laminations are millimetre-scale lineaments orientated subhorizontally across the photo). 

(B) Massive (Dmm) with near vertical joints. (C) Deformed (Dmd) diamict facies 

associated with massive sand facies (refer to Fig. 2.11H for Dmd facies associated with 

massive diamict facies). (D) Horizons of stratified (Dms) diamict facies interbedded with 

sand and gravel facies. See Table 2.1 for facies descriptions. 
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Fig. 2.5 Sand and fine-grained facies. (A) Stratified (Ss) sand facies. (B) Massive (Sm) 

sand facies underlying crudely stratified and deformed sand facies. (C) Fine-grained 

facies (Fmd) interbedded with massive and deformed diamict facies. (D) Deformed sand 

(Sd) and fine-grained (Fmd) facies. See Table 2.1 for facies descriptions. 
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Fig. 2.6 Gravel facies. (A) Stratified (Gm) gravel facies with crudely imbricated clasts 

along foresets dipping from the upper right to lower left of the photo. (B) Massive (Gm) 

gravel facies encased in diamict facies. (C) Deformed (Gd) gravel facies associated with 

deformed sand and diamict facies. (D) Deformed (Gd) gravel facies encased in diamict 

facies. See Table 2.1 for facies descriptions. 
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and early ideas of facies contacts and bedform hierarchies (Allen, 1963, 1968). It 

advances the facies model by including a geometric component; whereby AEA facilitates 

delineation of the 2- and 3-dimensional geometry and spatial relationship of facies 

associations at different scales of resolution within a hierarchical framework of bounding 

surfaces (Allen, 1983; Miall, 1985). This is a powerful methodology because it provides 

insight to the spatial configuration and relationship of facies associations, the evolution of 

a depositional system at different scales (e.g. individual beds and bedforms, to channels 

and valley trains), facilitates site-specific comparison of architectures, and allows field-

derived data to be recorded and communicated in a geometric or object-based format that 

is easily translated to computer-based models (e.g. Deutsch and Tran, 2002) for other 

applications such as groundwater and hydrocarbon reservoir characterization.  

AEA facilitates the characterization of sedimentary heterogeneity at various scales 

(e.g. Heinz and Aigner, 2003; Slomka and Eyles, 2013) and has been applied to the 

analysis of sediments of deep-marine (e.g. Clark and Pickering, 1996; Drinkwater and 

Pickering, 2001; Hubbard et al., 2008), fluvial (e.g. Miall, 1988; Hornung and Aigner, 

1999; Ghazi and Mountney, 2009), and glacial (e.g. Boyce and Eyles, 2000) origin. The 

foundation of AEA is the delineation of a bounding surface hierarchy, which is assigned 

based on the degree of environmental change represented at each facies contact (Miall, 

2010), and therefore provides the framework for systematic delineation of heterogeneity 

at various scales of resolution (Miall, 1988). A six-tiered bounding surface hierarchy was 

developed in this study (Fig. 2.7). Lower order surfaces (first- to fourth-order) record 

autogenic controls on the depositional system (e.g. bedform migration, scour of the bed 
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by subglacial fluvial erosion, shearing and incremental deposition of diamicts by 

lodgement and plastering) and higher order surfaces (fifth- to seventh-order) record 

larger-scale allogenic controls acting on the depositional environment (e.g., climate, 

paleotopography, geothermal regime; Beerbower, 1964; Miall, 1988, 2010). First- to 

third-order surfaces are conformable facies contacts that record deposition under stable 

environmental conditions, such as bedding or lamination in diamict facies, or slight 

changes in depositional conditions (e.g., surfaces of reactivation recorded by cross-cutting 

erosional surfaces between diamict beds or shear laminae; Boyce and Eyles, 2000). 

Packages of facies associations delineated by fourth-order surfaces record deposition of 

genetically-related sediments with a distinct geometry and form ‘architectural elements’; 

these are the basic building blocks of a sedimentary deposit (Figs. 2.7-2.9; Beerbower, 

1964; Miall, 1985). Facies associations bounded by even higher-order surfaces represent 

major changes within a depositional system (‘element associations’; fifth-order), a major 

environmental change resulting in the evolution of new depositional environments (may 

be equivalent to a stratigraphic unit; sixth-order), and the initiation of an entirely new 

basin fill (seventh-order; Fig. 2.7). In this study, bounding surfaces and facies types were 

delineated on sedimentological logs and field sketches, and elements were superimposed 

on photomosaics of outcrop faces (Figs. 2.3, 2.10).  

The grouping of genetically-related facies (facies associations) with a 

characteristic geometry, bounded by fourth-order surfaces, allowed the characterization of 

five architectural elements (AEs). Architectural elements are named by utilizing  
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Fig. 2.7 Bounding surface hierarchy utilized in this study, including a sketch and 

corresponding field photograph of each order of bounding surface (DS, MZ, diamict and 

mixed zone elements; EA1, EA2, element associations 1 and 2; modified from Boyce and 

Eyles, 2000).  
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descriptive terminology including the predominant lithological characteristic (e.g. coarse-

grained or mixed) and external geometry (e.g. lens or sheet; Bridge, 1993). Grouping of 

spatially- and genetically-related AEs and their relationship to fifth-order surfaces served 

as the basis for delineation of five larger-scale architectural units, termed element 

associations (EA1-5; Fig. 2.9). EAs are distinguished by their internal architecture and 

depositional history; hence, they are named using a variable combination of their 

characteristic architecture (e.g. multi-storey or complex), predominant facies or AE (e.g. 

diamict sheet or lens-dominated), and depositional processes (e.g. glaciotectonite). 

 

2.3 ARCHITECTURAL ELEMENTS 

The grouping of genetically-related facies bounded by fourth-order surfaces 

allowed the characterization of five architectural elements (AEs), including diamict sheet 

(DS), coarse-grained lens (CL), mixed zone (MZ), diamict lens (DL), and coarse-grained 

sheet (CS; Fig. 2.9). Genetically-related architectural elements are grouped to form five 

element associations (EA1-5; discussed in a later section). 

 

2.3.1 Diamict sheet (DS) element 

Description  

The diamict sheet (DS) element is the most common element delineated in this study. DS 

elements have tabular, undulating geometries, and are predominately comprised of 

diamict facies (Dmm, Dmd, Dml; Fig. 2.4; see Table 2.1 for facies descriptions). DS 

elements recorded in this study are a few tens of centimetres to 1 meter thick and at least 
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20 metres wide. Upper and lower bounding surfaces are erosional to conformable in 

nature, and planar to irregular in geometry (Figs. 2.10, 2.11). Lower bounding surfaces 

are commonly erosional (e.g. Fig. 2.11I-M), and in places where erosion is not apparent, 

they are demarcated by a break in bedding and a change in facies. Lower bounding 

surfaces are commonly delineated across all or most of the outcrop section (at least 30 m 

wide). The location of the upper bounding surface of a DS element is most easily 

identified by delineating the lower bounding surface of an overlying deposit (e.g. diamict 

or coarse-grained sheet). 

DS elements contain rare sand wisps (Sm facies; Fig. 2.11E, F) and gravel 

stringers (Gm facies; Figs. 2.7, 2.8) demarcated by second-order surfaces. Sand wisps 

(Fig. 2.11E just above the finger) and gravel stringers can be traced a few centimetres to 

tens of centimetres laterally across the outcrop section. They are irregular to elongate in 

shape. Gravel stringers are commonly a single clast in thickness to a few clasts thick (see 

Fig. 2.7). Sand stringers (annotated in Figs. 2.8C, 2.11F) are a few centimetres thick and 

have an elongate or ribbon-like geometry, and can be traced a few metres across the 

outcrop face. Stringers and wisps occur throughout the till. DS elements also contain 

discontinuous gravel lags (including faceted and striated boulders) overlying cross-cutting 

third-order surfaces (Figs. 2.8, 2.11F), and diamict lens (DL; Fig. 2.11J) and coarse-

grained lens (CL; Figs. 2.8, 2.11H-M) elements bounded by fourth-order surfaces.  
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Interpretation 

The DS element is interpreted to record deposition of a subglacial till bed by a 

combination of lodgement and deformation processes (Evans et al., 2006). The sand 

wisps and gravel stringers (second-order surfaces) are interpreted to record intensely 

sheared coarse-grained facies within the DS element, and gravel lags along cross-cutting 

third-order surfaces are interpreted to record clustering of clasts along local shear planes 

developed by deposition of till 'slices' during glacial overriding (Boulton and Paul, 1976; 

Benn and Evans, 1996; Boyce and Eyles, 2000). Gravel lags containing rare boulders may 

have been emplaced by lodgement onto the subglacial bed where frictional forces 

exceeded the applied force of flowing ice (Evans et al., 2006).  

 

2.3.2 Coarse-grained Lens (CL) element 

Description 

Coarse-grained lens (CL) elements consist of massive (Sm) and deformed (Sd) medium- 

to coarse-grained sand facies (Fig. 2.5), massive (Gm), deformed (Gd) and crudely 

stratified (Gs) granule- to pebble-sized gravel facies (Fig. 2.6), and very rare fine-grained 

(Fmd) facies (Figs. 2.6, 2.8, 2.11H; Table 2.1). The bounding surface between CL 

elements and surrounding DS elements is sharp, irregular, and in some places shows 

evidence of shearing and ductile and brittle deformation (described below; Figs. 2.8, 

2.11H, M). 

 Four sub-types of CL element geometries are recorded, including: pods, digitate 

pockets (with finger-like projections), irregular pockets, and spindles (Fig. 2.8). The two  
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Fig. 2.8 Subtypes of coarse-grained lens (CL) geometries photographed on outcrop 

exposures. (A) Pods (gravel facies). (B) Digitate pocket. (C) Irregular pocket (sand 

stringers directly overlie the pencil). (D) Spindle (sand-facies; CL in parentheses is an 

irregular pocket). (E) Irregular sand pocket with faults, including normal and reverse 

faults and horizontal surfaces of displacement (shear plane). (F) Irregular gravel pocket 

with a zone of horizontal displacement surfaces (shear planes). (G) Irregular-shaped CL 

elements interconnected by a sand bed (Stop 1-3). 
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most common geometries of CL elements are irregular pockets (Fig. 2.8C) and spindles 

(Fig. 2.8D), which can be either disconnected (fully encased in diamict facies) or 

interconnected (maintain topology or by thin sand stringers between CL elements; Fig. 

2.8G). Irregular CL elements are 1-40 cm thick and 20 cm-1 m wide, and commonly form  

distinct horizons on the exposed outcrop face, separated in the vertical direction by DS 

elements (Figs. 2.10, 2.11H). Irregular CL elements are composed of massive and 

deformed sand and gravel facies with rare crudely cross-bedded sand facies and massive 

and deformed fine-grained facies (Table 2.1). Spindles form thin, elongated lenses (1-15 

cm thick and 50 cm-2 m wide), and are composed of deformed and massive sand and 

gravel facies that do not contain any primary sedimentary structure. Spindles and 

irregular CL elements contain normal faults (and rare reverse faults) and their upper 

surface is commonly deformed and displaced by horizontal subparallel lineations that can 

be traced into the surrounding diamict element along which sand and gravel facies appear 

to be attenuated from the main body of the CL element (Fig. 2.8E,F). The upper surface 

commonly contains planar layers of sand and gravel facies, along which the long axes of 

gravel clasts (within the CL elements and overlying DS elements) appear to crudely align 

and form sand and gravel stringers on the lee side (down ice paleoflow direction) of CL 

elements. 

Pods form isolated, lens-shaped elements that are 0.5-1m thick and 1-1.5m wide, 

and consist of gravel facies (Gm, Gs, Gd) that show evidence of brittle deformation in the 

form of reverse faults throughout the pods and which is most apparent on their upper 

surface (Figs. 2.8A; 2.11J). Digitate pockets are the least common CL element, and 
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consist of highly deformed sand and gravel facies (and rare deformed and massive fine-

grained facies and crudely cross-bedded sand facies) forming discontinuous, 

interconnected lenses that interfinger with diamict facies (Fig. 2.8B). CL elements contain 

piping features that form hollows in the outcrop face, and mineral precipitation (dark-

coloured) and oxidation (orange-yellow) of sand and gravel facies, causing discoloration 

of CL elements. 

Interpretation 

CL elements are interpreted to have formed in a subglacial depositional environment, 

either in subglaciofluvial conduits or by subglacial entrainment and deformation of 

coarse-grained substrate material (Kessler et al., 2012). Deformed facies and the paucity 

of primary sedimentary structure within irregular, spindle, and digitate CL elements is 

interpreted to record soft-sediment deformation, which may have occurred concurrently 

or after deposition of these sediments in a subglacial setting or during entrainment of CL 

elements in a subglacial traction zone. Normal and reverse faults cross cut and offset 

deformed and massive facies within CL elements, and are interpreted to record post-

depositional brittle deformation, likely as a result of glaciotectonization in a subglacial 

depositional setting. The Gs facies within pods (Figs. 2.6A, 2.8A) may reflect rigid-body 

conditions whereby they resisted intense shear deformation, which allowed for 

preservation of primary sedimentary structure (Boulton and Hindmarsh, 1987). The 

horizontal planes and zones of displacement on the upper surface of CL elements (Fig. 

2.8E, F) are interpreted to record a shear plane or zone of multiple shear planes, which 
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likely formed as a result of subglacial glaciotectonization by overriding ice (Hart and 

Boulton, 1991). 

The irregular, spindle, and digitate CL elements are composed of deformed and 

massive sand, gravel, and rare fine-grained facies, and primary sedimentary structure 

(crudely cross-bedded sand facies) is rare. Hence, the geometry and spatial arrangement 

of these CL elements, and the nature of their bounding surfaces (e.g. sheared, deformed, 

erosional) are utilized to interpret their depositional history. Digitate and irregular pocket-

shaped CL elements that are commonly interconnected and form distinct horizons at a 

similar stratigraphic position on the outcrop face (Fig. 2.10) are interpreted to have 

formed concurrently, and may have been deposited in subglacial canals (Walder and 

Fowler, 1994) likely during periods of ice-bed separation and high meltwater and 

sediment discharge (similar to coarse-grained lenses described by Boyce and Eyles, 2000; 

Meriano and Eyles, 2009). Isolated, disconnected CL elements within diamict sheet (DS) 

elements are interpreted to record entrainment of substratum sand facies in a subglacial 

deforming till bed. Spindle-shaped CL elements are interpreted to record subglacial shear 

and elongation or attenuation of previously deposited (irregular and digitate?) CL 

elements (Hart and Boulton, 1991; Kessler et al., 2012). 

 

2.3.3 Mixed Zone (MZ) element 

Description 

The MZ element is located at the base of the till sheet (composing EA1) and comprises 

highly deformed, massive, and crudely stratified gravel, sand, and diamict facies (Fig. 
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2.11A-D; Table 2.1). MZ elements are >5 m wide, 5-50 cm thick, and can be traced 

laterally across the outcrop face. They form an irregular, undulating sheet-like geometry 

(Fig. 2.10). The lower bounding surface of MZ elements is highly irregular, sharp, and 

erosional, and rarely gradational in some places with underlying glaciofluvial sand and 

gravel facies (Fig. 2.11A). In the thickest parts of MZ elements, diamict facies (Dmd and 

Dms) form thin (0.5-3 cm thick), discontinuous beds with a 'pinch and swell' or 

boudinaged geometry that can be traced laterally for at least 1 m across the outcrop face 

(Fig. 2.11B). Sand, gravel, and diamict facies within the thickest part of the MZ elements 

form discontinuous, deformed and attenuated or elongated layers that have a stratified 

appearance (Fig. 2.11B). The thinnest parts of MZ elements are composed of massive 

sand-rich gravel facies. The upper bounding surface of MZ elements is sharp and planar 

to undulating, and rarely gradational where sand is incorporated into the lowermost 5 cm 

of overlying diamict facies (of EA2; Figs. 2.9; 2.11C, D). 

Interpretation  

The MZ elements are interpreted to have formed in a subglacial shear zone between the 

glacier sole and bed (Hart and Boulton, 1991; Piotrowski et al., 2006). Large-scale 

deformation structures are not apparent or recorded here; however, this element is 

interpreted as a subglacial shear zone based on its facies characteristics including an 

erosional lower surface, apparently elongated or stretched subparallel layers of sand, 

gravel (with very rare preservation of primary sedimentary structure), and diamict facies, 

the ‘pinch and swell’ geometry of diamict facies which suggests extension forming 

boudins (Fig. 2.11B,C), and its stratigraphic position (directly above the Henry Fm sands 
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and gravels and at the base of the Tiskilwa till). It is similar in appearance to the shear 

zone of Phillips et al. (2002), the upper deformed sand of Larsen and Piotrowski (2003), 

and the lower part of Till Unit A of Piotrowski et al. (2006), and may be similar to the 

mixing zone of Hooyer and Iverson (2000). 

MZ elements are interpreted to record intense subglacial glaciotectonism of the 

uppermost part of the underlying glaciofluvial sediment (Wickham et al., 1988; Benn and 

Evans, 1996) beneath the glacier sole, which likely involved intense shearing, ductile 

deformation, and complete reworking of the original primary sedimentary structure. Thin, 

discontinuous beds of diamict were likely entrained from the overlying glacier sole and 

subsequently sheared to form boudinaged geometries (Larsen and Piotrowski, 2003; 

Evans et al., 2006). 

 

2.3.4 Diamict Lens (DL) element 

Description  

Diamict lens (DL) elements are most commonly recognized in the mid-section of the Stop 

1-3 outcrop exposure (Fig. 2.10). DL elements consist of massive and deformed diamict 

facies which form irregular pod-like geometries that are commonly brecciated or 

fragmented, with the interstices infilled with laminated and massive diamict facies 

(originating from the surrounding DS element; Figs. 2.4, 2.11J; Table 2.1). DL elements 

are embedded in DS elements and readily distinguished by a change in matrix colour (due 

to differences in mineralogy or groundwater staining), grain size of matrix material and 

gravel clasts, and facies characteristics such as a massive, blocky appearance (Figs. 2.3A, 
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2.11J,K; Table 2.1). DL elements are composed of similar facies (Dmm) to the diamict 

sheet (DS) element of EA2 and, in places, appear to originate from diamict facies 'ripped 

up' from EA2 (Fig. 2.11K). The facies contact between DL and DS elements is sharp and 

conformable, and, in places, gradational with the surrounding laminated diamict facies of 

the DS element. 

Interpretation 

The facies characteristics and matrix colour of the DL elements is similar to that of the 

diamict sheet (DS) element of EA2 (Fig. 2.11D-G). Hence, DL elements are interpreted 

to record entrainment of rafts of previously deposited till into the subglacial traction zone 

through subglacial erosion and deformation, and rotation and brecciation of DL elements 

during subglacial transport (Evans et al., 2006). 

 

2.3.5 Coarse-grained Sheet (CS) element 

Description 

The coarse-grained sheet (CS) element is observed in the Stop 1-5 outcrop exposure, 

where it forms a laterally continuous tabular bed (10-50cm thick) that can be 

continuously traced for at least 5 m across the outcrop face (Fig. 2.10B). The lower 

bounding surface of the CS element is sharp, erosional and irregular to planar, and 

directly overlies a DS element. The upper bounding surface is loaded with irregular 

bodies of massive and deformed diamict facies that protrude downwards into the CS 

element from the overlying DS element (Fig. 2.11G). 
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This element is comprised of deformed sand and gravel facies, stratified and 

deformed diamict facies, and rare discontinuous and deformed lenses of fine-grained 

facies (Fig. 2.11G). Internal facies are bounded by gently to steeply dipping (10 to 40 

degrees) erosional facies contacts (commonly overlain by thin beds of diamict) and cross 

cut by normal faults. Brecciated diamict lenses within deformed sand and gravel facies 

are common near the upper part of the CS element. Evidence of soft-sediment 

deformation as a result of dewatering is common in sand facies (Sd), which do not 

contain any preserved primary sedimentary structures.  

Interpretation 

The CS element is interpreted to record deposition of sand and gravel facies by meltwater 

in a laterally shifting or unstable subglacial canal system, probably as a result of high 

porewater pressure on the bed and subsequent ice-bed separation (Walder and Fowler, 

1994; Ng, 2000). This element is interpreted to have formed in a subglaciofluvial 

depositional setting on the basis of its stratigraphic position (located between two diamict 

sheet elements of EA2 and EA3), geometry (irregular and laterally continuous sheet), the 

nature of its bounding surfaces (planar to irregular and erosional lower surface and loaded 

to deformed upper surface), cross-cutting relationship of beds and thin interbeds of 

diamict stringers and lenses, crudely preserved bedding (layers and pockets of different 

grain sizes), and the absence of well-defined kinematic evidence commonly associated 

with glaciotectonization of coarse-grained sediment rafts such as folds, sand augens, 

boudins, attenuated layers, and thrust faults (e.g. Lee and Phillips, 2008).  
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Diamict beds and brecciated lenses within CS elements probably resulted from 

direct meltout or meltwater erosion of overlying till from the basal debris zone, and 

subsequent deposition within the subglacial conduit. Shearing and loading of facies 

within the upper part of the CS element probably occurred after the glacier sole reattached 

to its bed, and brittle and ductile deformation of the CS element in the form of faulting 

and dewatering is likely a post-depositional product as a result of ice-bed re-attachment or 

collapse of ice- or sediment-supported conduit walls (Boulton and Hindmarsh, 1987). 

 

2.4 ELEMENT ASSOCIATIONS (EAs) 

Grouping of genetically-related architectural elements within the Tiskilwa Fm. 

and their relationship to fifth-order bounding surfaces allowed the delineation of five 

element associations (EAs), which are the largest-scale architectural subunits that can be 

correlated and mapped across a local study area within a depositional environment (e.g. 

Slomka and Eyles, 2013; Figs. 2.9, 2.10, 2.12). EAs are identified on the basis of internal 

facies and their architecture (including facies geometry, spatial arrangement, and spatial 

relationship to internal bounding surfaces) and external form (geometry of packages of 

spatially- and genetically-related AEs and the nature of bounding surfaces delineating 

these packages; Figs. 2.10, 2.11). The architecture of individual EAs (i.e. spatial 

arrangement and relationship of elements and hierarchy of bounding surfaces) provide 

insight to major spatiotemporal changes in depositional conditions (controlled by allo- 

and autogenic processes) within a depositional environment (Beerbower, 1964; Miall, 

2010; Slomka and Eyles, 2013).  
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Fig. 2.9 Architectural hierarchy of the Tiskilwa Fm. at various scales of resolution 

(depositional environment or stratigraphic unit, element association, architectural 

element, and facies), including descriptions of architectural elements as recorded in this 

study. Facies codes indicate diamict facies (laminated, Dml; massive Dmm; deformed, 

Dmd; and stratified, Dms), sand facies (stratified, Ss; deformed, Sd; massive, Sm), gravel 

facies (stratified, Gs; massive, Gm; deformed, Gs), and fine-grained facies (Fmd). See 

Table 2.1 for facies descriptions and Fig. 2.10 for element associations delineated on 

outcrop and correlated across the local study area. 
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Fig. 2.10 Bounding surfaces, architectural elements (AEs), and element associations 

(EAs) delineated on photomosaics of the two outcrop faces. (A) Stop 1-3, orientated 

northwest to southeast. (B) Stop 1-5, orientated northeast to southwest. The upper image 

is a photomosaic of the outcrop face, the middle image includes the outcrop face with 

bounding surfaces delineated by white lines (thickest lines indicate sixth-order surfaces, 

medium-width lines indicate fifth-order surfaces, and thin lines indicate fourth-order 

surfaces of DS, CS and MZ elements), and the bottom image is a sketch of the outcrop 

face with AEs and bounding surfaces (note fourth-order surfaces bound all AEs). Dashed 

lines indicate parts of a surface that are fully or partially covered by debris and the red 

line outlines the fully exposed part of the outcrop face. AEs include mixed zone (MZ), 

coarse-grained lens (CL), coarse-grained sheet (CS), diamict lens (DL), and diamict sheet 

(DS) elements. Refer to Fig. 2.1 for outcrop locations, Fig. 2.3 for logs (RH1-5), and Fig. 

2.9 for the internal composition of elements and element associations. 
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Fig. 2.11 Detailed view of sediments exposed in outcrop. (A) Boundary (dashed line) 

separating element association 1 (EA1; mixed zone element, MZ) and underlying 

glaciofluvial sand and gravel (RH1). (B) Internal facies composition of a MZ element (in 

EA1; RH2). (C) Facies contact between EA1 and EA2 (diamict sheet element, DS; RH2). 

(D) Red-coloured diamict facies at the base of EA1 (boundary separating a DS element of 

EA1 and MZ element of EA2). (E) Sand stringer in a DS element (EA2; RH3), F. 

boundary separating EA2 and EA3 (RH2). (G) Coarse-grained sheet (CS) element of EA2 

overlain by EA3 (RH5). (H) Coarse-grained lens (CL) elements of EA2 (RH3). (I) 

Boundary separating EA2 and EA3 (RH1). (J) Diamict lens (DL), CL elements (including 

gravel pods; ‘gp’) and reverse faults within EA3, which is overlain by EA4 and EA5 

(RH1). (K) Bounding surfaces separating EA1-5 (RH1). (L) Conformable bounding 

surface separating two DS elements of EA4 (RH2). (M) Conformable undulating 

bounding surface separating DS elements EA5 (RH2).  
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EAs identified in the Tiskilwa Fm. include a glaciotectonite complex (EA1) and four 

subglacial diamict packages (EA2-5) differentiated by internal architecture and separated 

by coarse-grained meltwater deposits and an erosional, sheared bounding surface (Figs. 

2.9, 2.10). Packages of subglacial diamict consist of simple (EA2), pod- and pocket- 

dominated (EA3), multi-storey (EA4), and multi-storey sand lens-dominated (EA5) 

architectures (Fig. 2.9). 

 

2.4.1 Glaciotectonite complex (EA1)   

Description 

This unit is located in the lowermost stratigraphic position of the Tiskilwa Fm. on the 

outcrop exposures (Figs. 2.10, 2.12) and directly overlies glaciofluvial sand and gravel 

facies of the Henry Fm. This unit is characterized by mixed zone (MZ) architectural 

elements (Figs. 2.10-12A). EA1 is commonly thin (tens of cms) and planar in geometry; 

however two locations at Stop 1-3 (Fig. 2.10A) show local thickening associated with 

packages of gravel facies within the underlying glaciofluvial substrate material. EA1 is 

thickest where it overlies the lee-side of substratum gravel bodies and thinnest above the 

mid-point of gravel bodies and sheets of sand facies in the underlying glaciofluvial unit 

(Fig. 2.10A). The lower and upper bounding surfaces of EA1 are irregular to planar in 

geometry, and sharp and erosional in nature (Figs. 2.10, 2.11A-D). 

Interpretation 

EA1 is interpreted to have formed primarily by entrainment and attenuation of coarse-

grained substrate material in a shear zone between the glacier sole and underlying 
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glaciofluvial substrate material (Henry Fm.). The permeable nature of sand and gravel 

facies comprising the substratum likely allowed rapid subglacial drainage of meltwater 

and low pore water pressures at the ice-bed interface. These conditions probably resulted 

in strong coupling between the glacier sole and its bed, and substrate entrainment and 

deformation (Boulton and Hindmarsh, 1987; Hart and Boulton, 1991; Piotrowski and 

Kraus, 1997; Boulton et al., 2001; Evans and Twigg, 2002; Phillips et al., 2002). Frozen 

bed (permafrost) conditions are possible; however, evidence of permafrost such as sand 

wedges, upturned strata, involutions, and other cryoturbation features are not exposed or 

recorded here (e.g. Van Vliet-Lanoë et al., 2004). 

 Gravel-rich packages of sediment in the underlying glaciofluvial unit (Henry Fm.; 

Fig. 2.10A) are interpreted to record gravel bars that formed a positive relief 

paleotopography (McDonald and Banerjee, 1971; Miall, 1977) over which the ice 

advanced (Willman and Frye, 1970). The coarse-grained nature of substratum gravel 

facies probably facilitated rapid subglacial drainage of meltwater and allowed gravels to 

act as rigid bodies that resisted intense glaciotectonization, and may have formed 

subglacial cavities on their lee side (Boulton and Hindmarsh, 1987). The crudely stratified 

and coarse-grained facies component of EA1, which is similar in lithology and clast 

characteristics to the underlying glaciofluvial sediments, suggests incorporation and 

incomplete homogenization of coarse-grained substrate material in a subglacial traction 

zone. The sharp, erosional lower bounding surface of EA1 is interpreted to have formed 

as a décollement plane separating sand and gravel facies of the glaciofluvial substratum 

http://journals1.scholarsportal.info.libaccess.lib.mcmaster.ca/search?q=Brigitte%20Van%20Vliet-Lano%C3%AB&search_in=AUTHOR&sub=
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(belonging to the Henry Fm.) and glaciotectonized (sheared) material of EA1 (Benn and 

Evans, 1996; Hart, 1998).  

 The spatial relationship between the external geometry of EA1, its internal 

composition (facies types, bounding surfaces, and MZ elements), and underlying 

paleotopography, suggest EA1 formed by a multi-process, time-transgressive 

combination of: 1) strong coupling at the ice-bed interface facilitated by the highly 

permeable nature of the coarse-grained substrate material; 2) subglacial mobilization of 

coarse-grained substrate material in a shear zone, forming a décollement plane; 3) 

deposition of the MZ elements by frictional retardation and gravitational lowering of MZ 

elements into a subglacial cavity (Boulton, 1982; Benn and Evans, 2010); and 4) 

truncation, and in some places, complete removal, of MZ elements by subsequent glacier 

erosion (Boulton, 1987; Larsen and Piotrowski, 2003; Carlson et al., 2004; Piotrowski et 

al., 2006).   

 This unit is similar in composition, geometry, and stratigraphic position to the 

previously regionally-mapped discontinuous 'mixed-composition zone' in which older 

sediments are incorporated into the base of the Tiskilwa Fm. (Wickham et al., 1988), the 

sheared sand facies of the glaciofluvial substrate material (‘upper part of Facies B’) 

described by Johnson and Hansel (1990) from the base of the Tiskilwa Fm. exposed in the 

Wedron Quarry, and the transitional contact between the Delavan Till and underlying 

sand-rich unit described by Carlson et al. (2004) from outcrop sections near Henry in 

north-central Illinois (Fig. 2.1). 
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2.4.2 Subglacial diamict EA2 (simple architecture) 

Description 

EA2 is characterized by an architecture consisting of one diamict sheet (DS) element 

(containing a gravel lag at the top) overlain by a horizon of discontinuous and 

interconnected coarse-grained lens (CL) and sheet (CS) elements (Figs. 2.9, 2.10, 2.11). 

EA2 is located near the base of the till sheet and directly overlies EA1. It has a tabular 

geometry and a palimpsest relationship with the paleotopography of the underlying 

substrate (Henry Fm. and EA1; Fig. 2.10). The lower bounding surface of EA2 is uneven 

and undulating in geometry, and erosional where it truncates underlying mixed zone 

(MZ) elements of EA1 (Fig. 2.11C, D). The bottom 10-20 cm of the lower DS element of 

EA2 forms an irregular layer of sand-rich matrix-supported massive diamict (Dmm) that 

has a distinctive pinkish-red colour (Figs. 2.11C, D).  

 The DS element of EA2 is primarily composed of clay-rich massive diamict 

(Dmm) facies and rare, thin (<5 cm thick) discontinuous deformed beds of massive sand 

(Sm) facies (Fig. 2.11E). It has an undulating tabular geometry and is directly overlain by 

discontinuous and interconnected CL elements, gravel lag, and a thin sand and gravel 

stringer at Stop 1-3 (Figs. 2.10A, 2.11F, H) and a coarse-grained sheet (CS) element at 

Stop 1-5 (Figs. 2.10B, 2.11G). In some places on the outcrop exposure at Stop 1-3, the 

DS element of EA2 is directly overlain, and truncated, by EA3 (Figs. 2.10A, 2.11K). CL 

elements are composed of massive and deformed sand and gravel facies, and pocket- and 

spindle-shaped geometries (Figs. 2.8C, D, 2.11H). The upper surface of CL elements 

(Stop 1-3) contains subhorizontal lineations along which horizontal displacement of sand 
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facies is apparent, and interfingers with diamict facies of the overlying EA3 (Fig. 2.11F-

H). 

 The nature of the upper bounding surface of EA2 varies across the outcrop 

exposures (Fig. 2.10). In places, it is uneven and undulating, and truncated by EA3 (e.g. 

northwest part of Stop 1-3; Figs. 2.10A, 2.11I). In other places, it is near planar and 

difficult to distinguish (Fig. 2.11K), but a textural change in matrix grain size of the 

diamict (Fig. 2.3A), a colour change to a mixture of reddish brown and greyish-blue 

matrix material, and a gravel lag and horizon of CL and CS elements can be utilized to 

delineate the upper bounding surface of EA2 (Fig. 2.11F-I).  

Interpretation 

EA2 is interpreted to record deposition of a subglacial traction till-meltwater complex that 

formed by a multi-stage process, including 1) truncation and erosion of the upper surface 

of EA1 by subglacial shear and entrainment of coarse-grained facies (from EA1) into the 

base of the overriding subglacial traction till (DS element of EA2), 2) deposition of the 

DS element primarily by the synchronous processes of subglacial deformation and 

frictional retardation, which resulted in the lodging of clasts on the bed (DS element; 

Boulton et al., 2001; Evans and Hiemstra, 2005), and 3) accumulation of meltwater at the 

ice-bed interface, as a result of the impermeable nature of the clay-rich diamict facies 

composing the subglacial traction till (DS element), localized scour of canals, and 

deposition of coarse-grained facies within and on the margins of conduits, forming CL 

and CS elements and a sand and gravel stringer (Walder and Fowler, 1994; Piotrowski 

and Tulaczyk, 1999).  
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 Sand facies from the underlying MZ elements of EA1 were ingested in the 

subglacial traction zone during ice advance and contribute to the formation of the basal 

reddish sand-rich diamict layer (similar to the mixing zone of Hooyer and Iverson, 2000; 

Fig. 2.11C, D). However, the predominantly fine-grained and massive diamict (Dmm) 

facies in the DS element of EA2 (Fig. 2.3) indicate that very little coarse-grained 

substrate material from EA1 was entrained in the body of the till bed, or alternatively, 

grain crushing and complete homogenization of coarse-grained substrate material 

occurred prior to final deposition of the till (Boulton et al., 1974). 

 The impermeable nature of clay-rich diamict facies (Dmm) comprising the main 

body of the DS element would inhibit effective drainage of meltwater, resulting in pore 

water pressures exceeding ice overburden pressure and decoupling at the ice-bed interface 

(Boulton and Hindmarsh, 1987). Local meltwater erosion (by scour into the bed and 

possibly by thermal erosion upwards into the ice) and decoupling of the glacier sole from 

its bed would allow the development of a subglacial canal network on the upper surface 

of the DS element (Walder and Fowler, 1994). The coarse-grained lenses and sheets (CL 

and CS elements) are interpreted to have formed by deposition in such subglacial 

meltwater canals (Piotrowski and Tulaczyk, 1999; Boyce and Eyles, 2000).  

 This element association (EA2) most closely resembles the fine-grained ‘lower 

zone' in which grey shale bedrock is incorporated into the base of the Tiskilwa Fm. 

(Wickham et al., 1988), the diamict and intercalated sorted sediment (‘Facies C’) 

recorded from exposures of the Tiskilwa Fm. in Wedron Quarry (Johnson and Hansel, 
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1990), and the Delevan Till Member (Oakland facies; Fig. 2.2) described by Hansel and 

Johnson (1996) and Carlson et al. (2004). 

 

2.4.3 Subglacial diamict EA3 (pod- and pocket-dominated architecture) 

Description 

A distinctive characteristic of EA3 is the presence of large pod-shaped CL elements 

composed of crudely cross-bedded, massive, and deformed gravel facies that are aligned 

at approximately the same stratigraphic position (Figs. 2.8A, 2.10A, 2.11K). EA3 is also 

characterized by a complex internal architecture that is composed of at least two diamict 

sheet (DS) elements, different types of coarse-grained lenses (CL), and diamict lens (DL) 

elements (Figs. 2.8-2.11I-K).  

 EA3 directly overlies EA2 and is recorded at both outcrop sites (Fig. 2.10). At 

Stop 1-3, the architecture of EA3 transitions in a down-ice direction (from northeast to 

southwest) from stacked DS elements overlain by spindle- and lens-shaped CL elements 

aligned in a horizon across the outcrop face (similar to the architecture of EA3 at Stop 1-

5; Fig. 2.10B) to DS elements containing DL elements and different types of CL elements 

including gravel pods (Fig. 2.10A). The matrix texture of diamict facies comprising DS 

elements coarsens-upwards from the base of EA3 (Fig. 2.3). The lower DS element is 

composed of diamict facies with multiple cross-cutting surfaces (third-order) demarcated 

by clast lags (consisting of cobble- to boulder- sized gravel; Fig. 2.7) and rare CL 

elements (Figs. 2.10, 2.11). The upper DS element has a more complex architecture than 

the lower DS element of EA3; it consists of a more silt-rich matrix diamict facies, an 
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abundance of laminated diamict (Dml) facies, and contains diamict lens (DL) and 

different types of coarse-grained lens (CL) elements, including gravel pods (Figs. 2.9-

2.11). 

 At Stop 1-3, the lower bounding surface of EA3 transitions, in a down-ice 

direction, from planar and erosional or irregular and deformed in places (directly 

overlying the upper surface of CL elements of EA2, which is apparently sheared; Figs. 

2.10A, 2.11H), irregular and gradational (with diamict 'rip-ups' from EA2; Fig. 2.11K), to 

a highly irregular and erosional surface that scours the upper 30 cm of EA2 (Fig. 2.11I). 

At Stop 1-5, the lower bounding surface is planar to irregular, and erosional to deformed 

(Figs. 2.10B, 2.11G). The upper bounding surface of EA3 is planar to irregular, truncated 

by overlying EA4 (Fig. 2.11K), and demarcated by discontinuous and interconnected CL 

elements forming a horizon on the outcrop face (Fig. 2.10). Reverse faulting is common 

in EA3, which rarely can be traced downwards into EA2 and EA1 and upwards into the 

base of EA4 (Figs. 2.10A, 2.11J).  

Interpretation 

EA3 is interpreted to have formed primarily by subglacial deformation and records 

changing subglacial conditions following the deposition of EA2. The erosional lower 

bounding surface of EA3 is interpreted to record re-attachment of the ice to its bed 

(suggesting draining of subglacial meltwaters and lower porewater pressure following 

deposition of EA2) and increased shear stress at the ice-bed interface. The lower DS 

element (containing cross-cutting third-order surfaces) is interpreted to record closing of 

the canal network and resumed deposition of till in slices, likely as a result of a 
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combination of lodgement and shearing. The absence of a ‘mixed zone’ (similar to the 

sand-rich lower part of EA2) suggests limited to no incorporation of sand facies from 

EA2 into the base of EA3 at this location. Diamict lens (DL) and gravel pod (CL) 

elements in the upper DS element do not show evidence of intense shear strain (e.g. 

lamination and attenuation), suggesting transport and deposition under high porewater 

pressures, possibly in a deformable bed (Boulton and Hindmarsh, 1987). 

 The matrix within diamict sheet (DS) elements (Dmm facies) in EA3 is slightly 

coarser-grained than in the diamict facies of EA2, which probably reflects entrainment 

and homogenization of coarse-grained substrate material from up-ice locations (possibly 

from CL and CS elements of EA2). The lower DS element of EA3 is interpreted to record 

a zone of intense shear, in which the cross-cutting third-order surfaces with gravel lags 

formed during minor phases of shearing of till, which was probably deposited in slices 

(similar to the B horizon of Evans et al., 2006).  This deformation may have occurred at 

the same time as underlying CL elements of EA2 were deformed by shearing. 

 The upper DS element of EA3 is interpreted to have formed primarily by 

subglacial deformation as a subglacial traction till (similar to the A horizon of Evans et 

al., 2006). Diamict lens (DL) elements within the upper DS element of EA3 (Fig. 2.11J) 

are composed of similar facies (Dmm) to the diamict sheet of EA2, and are interpreted to 

record entrainment of rafts of diamict from EA2. Deposition of diamict rafts (DL 

elements) probably occurred soon after entrainment, with insufficient transport time and 

distance or shear strain for complete homogenization of the deforming bed. Gravel pods 

(subtype of CL elements; Fig. 2.8A) probably acted as rigid bodies that resisted intense 
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plastic deformation during subglacial transport (Boulton and Hindmarsh, 1987). The 

apparently laminated diamict (Dml) facies (consisting of diamict layers that are 1 cm or 

less in thickness; Fig. 2.4A; Table 2.1) surrounding DL and CL elements (within the 

upper DS element) is interpreted to record the generation of small-scale shear planes 

between rotating DL and CL elements during subglacial deformation (similar in 

appearance to the micromorphologic observations of shear planes of Hiemstra and 

Rijsdijk, 2003). 

 The fine-grained diamict facies of DS elements of EA2 and EA3 likely impeded 

infiltration of meltwater into the groundwater system and facilitated high porewater 

pressure and local decoupling at the ice-bed interface. This would allow the formation of 

a subglacial meltwater canal network on the surface of the upper DS element of EA3 

(similar to that on the surface of EA2; Walder and Fowler, 1994). The ultimate deposition 

of the upper and lower DS elements of EA3 (the A and B horizons respectively) is 

interpreted to be a result of reduced shear strain as a consequence of meltwater 

accumulation and ice-bed decoupling. 

 The EA3 element association most closely resembles ‘Facies D’ (homogeneous 

diamicton) recorded in Wedron Quarry, which consists of four beds of diamict facies with 

shear planes, boulder pavements, and channel-shaped lenses of sand and gravel facies 

(Johnson and Hansel, 1990). However, correlation to previously described subunits 

elsewhere in Illinois is difficult due to the lithostratigraphic framework utilized to classify 

the Tiskilwa Fm., of which EA3 most likely forms the lower part of the main undivided 

unit (Fig. 2.2; Hansel and Johnson, 1996).  
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2.4.4 Subglacial diamict EA4 (multi-storey architecture) 

Description 

EA4 is composed of a multi-storey architecture consisting of two stacked DS elements, 

spindle- and irregular-shaped CL elements (made of sand and gravel facies), and very rare 

DL elements (Figs. 2.10, 2.11). The DS elements consist of silt-rich diamict facies that 

coarsen upwards from the base of EA4 (Figs. 2.3, 2.10).  

 The lower bounding surface of EA4 is planar and conformable where it overlies 

CL elements of EA3 (southeast part of Stop 1-3; Fig. 2.10A) to erosional where it 

truncates the upper surface of EA3 (in the northwest part of the outcrop at Stop 1-3; Figs. 

2.10A, 2.11K). The lower DS element of EA4 is composed of laminated diamict (Dml) 

facies at the base, and contains an increasing number of thin (few cms) stringers of sand 

and gravel facies toward the top (Fig. 2.11L). The lower DS element is truncated by the 

upper DS element (Figs. 2.10A, 2.11L), which contains rare CL elements (gravel facies) 

at the base and an abundance of spindle-shaped CL elements (sand facies) near the top. 

CL elements at the top of EA4 are aligned in a horizon across the outcrop exposure 

(southeast part of Stop 1-3 and at Stop 1-5; Fig. 2.10). The upper bounding surface of 

EA4 is demarcated by a gravel lag, and is truncated by overlying EA5 with evidence of 

shearing of CL elements (Fig. 2.10). 

Interpretation 

EA4 is interpreted to record stacking of at least two depositional slices of subglacial 

traction till, primarily by shearing and frictional retardation (Boyce and Eyles, 2000). 
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EA4 is interpreted to have formed by similar subglacial depositional processes to EA2 

and EA3. The erosional lower bounding surface and overlying DS element (comprised of 

Dml facies) are interpreted to record scour and shear of the upper surface of EA3 as a 

result of coupled ice-bed conditions during ice overriding. The stacking of DS elements in 

EA4 probably records lateral changes in ice-bed conditions or subglacial thrusting of a 

depositional slice of till, which was subsequently truncated by overriding ice during 

deposition of EA5 (Boyce and Eyles, 2000). 

 EA4 is most similar to ‘Facies D’ described by Johnson and Hansel (1990) but, 

for reasons similar to EA3, it is difficult to determine which subunits in the Tiskilwa Fm. 

and other units in the Wedron Group, that have been previously described using a 

lithostratigraphic framework, are equivalent to EA4 .  

 

2.4.5 Subglacial diamict EA5 (multi-storey sand lens-dominated architecture) 

Description 

EA5 occurs in the uppermost stratigraphic position on the outcrop face and is the 

youngest unit recorded in this study (Fig. 2.10), although the top of the Tiskilwa Fm. 

extends above the extent of the outcrop exposures (and is overlain by Peoria Silt and the 

Lemont Fm.; Fig. 2.1C). EA5 is separated from EA4 by a planar erosional lower 

bounding surface demarcated by a discontinuous gravel lag (upper surface of EA4), and is 

characterized by an increased abundance of spindle-shaped coarse-grained lens (CL) 

elements comprised of sand- and fine-grained facies and sand-stringers, and diamict 

facies with a blocky structure and cross-cutting subvertical joints (Fig. 2.11M).  
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 EA5 consists of two stacked DS elements separated by an undulating conformable 

bounding surface (Fig. 2.11M). The lower DS element has a simple architecture 

dominated by clay-rich diamict facies (Dmm) and rare sheared to well-preserved CL 

elements and sand stringers near its base (Fig. 2.5A). The upper DS element contains 

highly stratified diamict facies interbedded with abundant CL elements comprised of 

sand- and fine-grained facies. The upper DS element contains crude undulating beds (bed 

thickness ranges from 5-30 cm) of diamict facies interbedded with fine-grained facies, 

with conformable bedding surfaces that are commonly overlain by thin (less than 5 cm 

thick) irregular and discontinuous beds of fine-grained facies (Fmd) and CL elements 

(Figs. 2.3, 2.5C, 2.11M). At Stop 1-5, only the lower DS element of EA5 is exposed.  

 The CL elements in EA5 are commonly located at the base of DS elements and 

stratification within CL elements is better developed (or preserved) than in 

stratigraphically-lower EAs (EA2-EA4). Facies contacts between individual beds within 

CL elements show flame and pillow structures and the external bounding surfaces of the 

larger-scale CL elements are loaded and show evidence of shearing (Fig. 2.5D). CL 

elements also contain normal faults that cross-cut soft-sediment deformation structures. A 

near-vertical jointing network near the top of EA5 gives a ‘blocky’ appearance to the unit, 

and joints are commonly infilled with medium-grained sand which may have been 

injected into the fractures concurrently or immediately following joint development. The 

upper bounding surface of EA5 is not exposed. 
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Interpretation 

The increased abundance of coarse- and fine-grained facies, and the conformable and 

undulating bedding geometry in the upper part of EA5, suggest increased supply of 

meltwater, less intense subglacial deformation, and deposition from disintegrating or 

stagnating ice either in a subglacial or ice-marginal setting (Lawson, 1981; Johnson and 

Hansel, 1990; Wysota, 2007). Subsequent remoulding and shearing of saturated debris by 

subglacial deformation and water escape during intermittent ice advance is also suggested 

(Johnson and Hansel, 1990; Evans et al., 2006). 

 Loaded facies contacts between CL and diamict sheet (DS) elements are 

interpreted to record saturated conditions and water escape after their deposition, and 

normal faults that offset soft-sediment deformation features within CL elements are 

interpreted to record shifting or collapse of sediment. The matrix texture of DS elements 

in EA5 is finer-grained than diamict facies in EA4, which suggests a lesser amount of 

coarse-grained facies were homogenized into the subglacial traction till during subglacial 

transport. Instead, CL elements were likely formed in situ, as a result of increased 

meltwater production and sediment delivery during ice disintegration (Johnson and 

Hansel, 1990).  

 EA5 is similar to ‘Facies E’ (heterogeneous diamicton and sorted sediment) 

described from Wedron Quarry (Johnson and Hansel, 1990) because it contains abundant 

lenses and beds of sorted sediment (fine-grained, sand, and gravel facies), conformably 

overlies older deposits, and does not show evidence of extensive subglacial deformation 

(i.e. homogenization of material). However, unlike 'Facies E' (Johnson and Hansel, 1990), 
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evidence of shear of CL elements suggests applied force by subglacial deformation 

contributed, in part, to the formation of EA5. 

 

2.5 DISCUSSION 

 Sedimentary architecture is commonly delineated using two fundamental 

approaches, including sequence stratigraphy and allostratigaphy; however, these 

approaches as stand-alone methods are not straightforward for architectural analysis of 

glacial deposits, and the fundamental principles on which these methods are based may 

not directly apply in glaciated terrain. Sequence stratigraphy is based on the 

characterization of cyclic successions of sediments and delineation of bounding 

discontinuities and correlative conformities which are controlled by relative sea level 

changes (Catuneanu et al., 2009). Although sequence stratigraphic analysis has been 

conducted on glacial sediments deposited on marine continental shelves (e.g. El-ghali, 

2005; Huuse et al., 2012; Lang et al., 2012), a sequence stratigraphic approach is not 

appropriate for the analysis of sedimentary architecture in non-marine continental 

glaciated settings because these systems are controlled by other external factors such as 

isostasy, climate and relative position of the ice margin, bed topography, the hydrologic 

system, and in some areas, the geothermal regime and volcanic activity (Evans, 2005; 

Benn and Evans, 2010). Secondly, glacial sedimentary packages are rarely cyclic due to 

the dynamic nature of glacial environments, and sediments are often removed or 

truncated by glaciofluvial processes or subsequent ice advance at relatively small 

spatiotemporal scales compared to sequence cycles (1x10
5
 to 2x10

6
 years and 10’s to 
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1000’s of kilometres; Mitchum and Van Wagoner, 1991). Hence, the delineation of 

fundamental sequence boundaries, including a maximum flooding surface, and low-, 

high-, and transgressive systems tracts may not be possible (see Martini and Brookfield 

(1995) for a modified sequence stratigraphic approach applied to glaciolacustrine 

sediments exposed in outcrop sections in southern Ontario, Canada).  

The chronostratigraphic framework of allostratigraphy is more appropriate than 

the base-level framework of sequence stratigraphy for the analysis of subsurface non-

marine glacial successions (Räsänen et al., 2009; Hughes, 2010); however, it poses 

several difficulties including: 1) the dynamic erosional and aggradational processes of 

glacial systems makes identification of time-correlative sedimentary packages and 

surfaces between different depositional environments (and application of Walther’s Law) 

difficult; 2) allostratigraphy lacks a systematic method for delineating and organizing 

sedimentary geometry (i.e. components of a system) and architecture (the spatial 

arrangement of these components) at different scales of resolution, making visualization, 

systematic organization, and communication of the detailed till architecture difficult; and 

3) it does not facilitate understanding of the evolution of the subglacial mosaic at local 

scales. 

AEA is based on observation of physical characteristics (nature of facies contacts 

and change in facies associations) which are visible on all or part of the outcrop face, 

delineation of sedimentary geometry (packaging facies associations), and understanding 

depositional processes at different scales of resolution (Miall, 1985; 2010). These 

foundational components makes AEA flexible and allows modification of the bounding 
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surface hierarchy for analysis of sedimentary architecture in other depositional 

environments, including subglacial deposits (e.g. Boyce and Eyles, 2000; Fig. 2.7). AEA, 

as utilized in this study, facilitated the deconstruction of the Tiskilwa Fm. into its basic 

building blocks (facies associations) nested within a framework (bounding surfaces). 

Analysis of these basic components allowed the characterization of the detailed 

sedimentary geometry (architectural elements) of the Tiskilwa Fm. at a local scale (Fig. 

2.9), and facilitated the organization of the sedimentary architecture into five mappable 

subunits (element associations), which provided insight to the spatiotemporal changes in 

subglacial processes that constructed the till architecture (Figs. 2.12, 2.13). The Tiskilwa 

Fm., as recorded here, has a complex architecture and heterogeneity at various scales of 

resolution (Fig. 2.13). The Tiskilwa Fm. exposed at the two sections in Rattlesnake 

Hollow records a system of laterally shifting subglacial conditions and processes at a 

local-scale. Architectural elements and element associations identified here within the 

Tiskilwa Fm. have a unique architecture and their internal facies association, spatial 

arrangement, and relationship to a hierarchy of facies contacts are utilized together to 

understand the environmental controls on its deposition, including local paleotopography, 

substratum permeability, subglacial meltwater activity, and supply of coarse-grained 

sediment (Fig. 2.12).  

 In comparison to models of alluvial plain geomorphology and architecture, the 

spatiotemporal organization of processes and geomorphic components of a subglacial bed 

are poorly understood, largely as a result of the inaccessibility of the subglacial 

depositional system; however studies of ancient and modern glacier beds and their 
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deposits have inferred a mosaic of spatial and temporal processes (Boyce and Eyles, 

1991; Alley et al., 1997; Clark and Meehan, 2001; Bjornsson, 2002; Ó Cofaigh et al., 

2002; Shaw, 2002; Swift et al., 2002; Rippin et al. 2003). The dynamic and often 

erosional nature of subglacial environments makes application of Walther’s Law 

(Middleton, 1973), and hence spatiotemporal paleoenvironmental reconstruction, 

difficult. Subglacial systems are thought to organize spatiotemporal processes in response 

to stress distribution operating on the subglacial bed (Ng, 2000), whereby a change in the 

system will result in stress redistribution to maintain ‘dynamic equilibrium’, similar to the 

response of the fluvial plain to changes in discharge or sediment supply (Ahnert, 1994; 

Thorn and Welford, 1994). The process of decoupling at the ice-bed interface is a 

subglacial process that results from dynamic disequilibrium in the subglacial system (e.g. 

an accumulation of meltwater; Boulton et al., 2009), and has been used to explain 

changes in the hydrological regime, the location and rate of basal sliding (surging), and 

the formation of deforming or 'sticky' spots on the glacier bed (Boulton, 1996; Piotrowski 

and Kraus, 1997; Fischer et al., 1999; Tulaczyk, 1999; Ng, 2000; Fischer and Clarke, 

2001; van der Meer et al., 2003; Larsen et al., 2004; Kjaer et al., 2006; Meriano and 

Eyles, 2009).  

Application of AEA to the analysis of the Tiskilwa Fm., as presented here, allows 

for detailed reconstruction of the depositional history of a subglacial complex (Figs. 2.12, 

2.13). Analysis of the architectures recorded here, and comparison of these results to data 

and interpretations recorded from till in other studies of ancient and modern glaciated 

terrain (discussed above) is an iterative process. The sedimentological and architectural 
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characteristics of the Tiskilwa Fm. recorded here is most convincingly explained by the 

‘ice-bed mosaic’ model of Piotrowski et al. (2004) and subglacial continuum of processes 

such as lodgement and deformation of Evans et al. (2006). The Tiskilwa Fm. is 

interpreted to have formed by ice advance over highly transmissive glaciofluvial 

sediments and a pre-existing paleotopography (EA1), till aggradation and the formation 

of a localized meltwater canal network incised into the bed (EA2), aggradation of a 

deformable subglacial traction till and entrainment of coarse-grained material, with 

subsequent formation of a meltwater canal network on the bed (EA3), stacking of 

depositional slices of subglacial traction till (EA4), and increased supply of fine-grained 

facies (and meltwater?) which may record deposition during ice stagnation, possibly in a 

subglacial to ice-marginal setting (EA5). As a whole, the succession is composed of at 

least three stacked depositional successions (Figs. 2.12, 2.13), interpreted to be controlled 

by similar environmental conditions, and each succession records, from the base upwards:  

(1) subglacial shearing of substrate material during ice-bed coupling and advance (Hart 

and Boulton, 1991; Benn and Evans, 1996);  

(2) till aggradation primarily by deformation of a subglacial traction till (similar to the A 

horizon of Bolton and Hindmarsh, 1987; Benn and Evans, 1996);  

(3) development of a local ‘disequilibrium’ on the subglacial bed as a result of 

accumulation of meltwater at the ice-bed interface, resulting in high porewater pressures, 

localized ice-bed decoupling, and formation and infill of subglacial canals (Walder and 

Fowler, 1994; Boulton, 1996; Boulton et al., 2009);  
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(4) stress redistribution in other areas on the bed, resulting in patches of a strongly 

coupled ice-bed interface, scour of the substrate, and bed deformation (Piotrowski and 

Kraus, 1997; Ng, 2000; Fischer and Clarke, 2001; Piotrowski et al., 2004); and  

(5) drainage of meltwater through canals, resulting in ice-bed recoupling and a dynamic 

equilibrium state in the subglacial system (Boulton and Hindmarsh, 1987; Boulton et al., 

2009). 

 The succession described above is interpreted to have formed by a negative 

feedback mechanism initiated by an accumulation of meltwater on the subglacial bed 

(Boulton and Hindmarsh, 1987; Ng, 2000; Boulton et al., 2009). A fine-grained substrate 

does not facilitate significant drainage of meltwater to the groundwater system; hence, 

increased porewater pressure and decreased shear strength (‘disequilibrium’) would likely 

result in localized decoupling at the ice-bed interface (Boulton and Hindmarsh, 1987; 

Boulton, 1996; Piotrowski and Kraus, 1997; Boulton et al., 2001; Fischer and Clarke, 

2001). Local stress instabilities on the bed (e.g. localized accumulation of meltwater and 

basal sliding) are thought to be balanced by redistributing stress elsewhere, thereby 

resulting in 'sticky spots' and scour in other parts of the bed (Fig. 2.12; Fischer et al., 

1999; Ng, 2000). The successions recorded in this study (EAs1-5) suggest that local 

meltwater activity was concentrated in irregular areas of the bed surface, commonly in, 

but not restricted to, topographic lows on the bed, which are ultimately controlled by the 

local paleotopography of the underlying glaciofluvial unit (Henry Fm; see Fig. 2.10A; 

Boyce and Eyles, 2000). In these areas of meltwater activity, coarse-grained lens (CL)  
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Fig. 2.12 Conceptual block diagram of the Tiskilwa Fm. illustrating the depositional 

history of EA1-3 by a ‘succession’ of stress redistribution on the subglacial bed (the 

succession is repeated for the remainder of EA3 and EA4). (A) Ice-bed coupling resulting 

in the deposition of sheared substrate in subglacial cavities (EA1) and fine-grained 

subglacial traction till (DS element of EA2). (B) Accumulation of meltwater over an 

irregular substrate surface, resulting in decoupling at the ice-bed interface and meltwater 

scour and infill of a subglacial canal network (CL and CS elements of EA2) accompanied 

by strong coupling and subglacial erosion elsewhere on the bed. (C) Ice-bed coupling 

resulting in entrainment and shear of the underlying substrate and deposition of a 

subglacial traction till (lower DS element of EA3), which records the initiation of another 

succession.  
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elements are preserved and there is little to no scour of the substrate, suggesting low shear 

strain within the bed during and closely following deposition; these areas probably 

facilitated ice movement by basal sliding. However, in areas of low relief 

paleotopography, evidence of scour and more intense shear is common (see Fig. 2.10) 

which suggests these areas underwent intense bed deformation and likely facilitated ice 

movement primarily by subglacial deformation processes (Evans et al., 2006; Benn and 

Evans, 2010).  

 At a local scale (as recorded in this study), sixth-order surfaces separating deposits 

of different depositional environments (e.g. subglacial till and glaciofluvial outwash) are 

equivalent to the boundary delineating lithostratigraphic Formations (Tiskilwa and Henry 

Fms.). Field data recorded from other sites in the study area and elsewhere in Illinois in 

future studies may provide insight to the significance of certain bounding surfaces or 

parts of surfaces, including surfaces that delineate formal lithostratigraphic Groups, 

Formations, and Members (e.g. diamict packages illustrated in Figs. 2.1D, 2.2). An 

understanding of the regional-scale relationship between bedrock topography, meltwater 

drainage, subglacial depositional conditions, and unit geometries in the study area 

requires examination of the Tiskilwa Fm. (and Wedron and Mason Groups) exposed at 

other locations, and is not discussed further here. 

 

2.5.1 Hydrogeological implications 

Delineation of the internal architecture of the Tiskilwa Fm. till sheet has significant 

implications for hydrogeological investigations, specifically in areas where till sheets are 
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characterized as relatively impermeable hydrostratigraphic layers (aquitards; Anderson, 

1989). Quantitative hydrogeologic and engineering data were not collected as part of this 

study; however, the hydrogeological significance of the sediment packages described here 

is based on hydrogeologic and physical properties of tills with similar facies associations 

and architecture (Keller et al., 1985; Gerber et al., 2001; Nilsson et al., 2001; Meriano and 

Eyles, 2009).  

On the Rattlesnake Hollow exposures, piping features and mineral precipitation 

and oxidation causing discoloration of CL elements likely indicate flow of groundwater 

through these elements. The interconnectivity of coarse-grained lenses and sheets (CL 

and CS elements) and sub-vertical secondary structures (faults and joints) is most 

significant for understanding groundwater and contaminant flow through the body of the 

till sheet, both horizontally across the local study area (c. 5.6 x 10
3
 m

2
) and vertically 

from the surface to deeper subsurface units that may host productive aquifers (Anderson, 

1989; Herzog et al. 1989; Gerber and Howard, 2000; Gerber et al., 2001). CL elements 

that form stratigraphic horizons on the outcrop exposure are commonly interconnected by 

thin beds of sand facies, and likely form laterally extensive sheets (CS elements) and 

interconnected canal systems in three-dimensional space (Fig. 2.12; Walder and Fowler, 

1994).  

 EA1 has a complex internal architecture and external geometry, and can be 

mapped across the study area between Stop 1-3 and Stop 1-5 (c. 150 m; Figs. 2.11, 2.13). 

EA1 comprises poorly-sorted coarse-grained facies and likely forms a moderately high 

horizontal conductivity flow pathway beneath the till sheet (Fig. 2.12B). This could have 
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significant hydrogeological implications, particularly if EA1 is hydraulically connected to 

permeable layers within the overlying till of EA2 and more deeply buried coarse-grained 

units (e.g. Henry Fm.). EA2 is composed of a fine-grained diamict sheet that can be 

mapped between the two outcrop faces (Figs. 2.10, 2.12), and likely forms a confining 

layer over the coarse-grained glaciofluvial sediments and EA1. However, thin sand beds 

and subvertical joints within the diamict sheet may facilitate fluid flow through the till, 

from overlying coarse-grained lenses to EA1 (Fig. 2.13; Keller et al., 1985; Nilsson et al., 

2001). The most complex units recorded in this study are EA3 and EA4, and although 

diamict sheet (DS) elements within these units have a fine-grained texture, they are 

commonly dissected by CL elements, thin sand and gravel stringers, gravel lags and 

fractures (Figs. 2.10, 2.13). The spatial arrangement, topology, and facies characteristics 

of these features within DS elements (of EA3 and EA4) may form complex and perhaps 

highly conductive fluid flow pathways through the till (Gerber and Howard, 1996; 

Nilsson et al., 2001). EA5 contains a large concentration of interconnected CL elements, 

interbedded diamict, sand, and gravel facies, and subvertical joints infilled with sand, 

which would likely facilitate the flow of groundwater through EA5 and contribute to fluid 

flow through the full thickness of the till sheet into the glaciofluvial unit of the underlying 

Henry Fm. (and may form a ‘leaky’ aquitard; Gerber and Howard, 1996; Gerber et al., 

2001; Meriano and Eyles, 2009). Future studies including field-derived sedimentological 

data on the spatial continuity of individual diamict sheet (DS) elements, the topology of 

coarse-grained lens (CL) and sheet (CS) elements, and the nature of the fracture system,  
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Fig. 2.13 Sedimentary heterogeneity of the Tiskilwa Fm. at various scales of resolution 

(based on data recorded from outcrop at Stop 1-3 and 1-5; Fig. 2.10), including the 

depositional environment (and stratigraphic unit; sixth-order surface), element association 

(fifth-order), architectural element (fourth-order), and facies types (first- to third-order). 

Please refer to Fig. 2.3 for facies colour codes and Fig. 2.7 for descriptions of bounding 

surfaces. 
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integrated with hydrogeological data, is crucial for understanding the hydrostratigraphic 

framework of the Tiskilwa Fm. and the vulnerability of aquifers hosted in more deeply 

buried coarse-grained sediment. 

 

2.6 CONCLUSIONS 

This study applies architectural element analysis (AEA) to the detailed delineation of the 

geometry and heterogeneity of the Tiskilwa Fm., which is composed of a stacked 

succession of subglacial diamict and meltwater deposits, and exposed in stream cuts in 

north-central Illinois. A bounding surface hierarchy (first- to sixth-order) was defined on 

the basis of the nature of facies, facies contacts, and the change in facies associations on 

either side of a contact. This hierarchy of surfaces delineates the basic architectural 

framework of the Tiskilwa Fm. and facilitates the analysis of sedimentary heterogeneity 

at various scales of resolution. AEA, as applied here, allows for the characterization of 

five architectural elements (delineated by fourth-order surfaces), which form the basic 

building blocks of the till, including coarse-grained lens (CL) and sheet (CS), diamict lens 

(DL) and sheet (DS), and mixed zone (MZ) elements. Analysis of the spatial arrangement 

and stratigraphic position of architectural elements and bounding surfaces on two outcrop 

faces allows for the characterization of five larger-scale architectural units (element 

associations; EA1-5).  

 The internal architecture of each EA and the change in the nature of fifth-order 

bounding surfaces across the outcrop faces suggest at least three depositional successions 

are recorded in the till deposits. Each succession consists of a ‘cycle’ of coupling-
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decoupling-recoupling processes operating at the ice-bed interface, initiated by stress 

disequilibrium (i.e. accumulation of meltwater) in the subglacial system. The results of 

this study provide sedimentological evidence for the occurrence of a spatiotemporal 

mosaic of subglacial processes, and the contemporaneous formation of ‘sticky’ deforming 

spots and areas of basal sliding on the subglacial bed. The spatial distribution of these 

areas is likely controlled by factors such as substratum paleotopography, facies 

composition, and meltwater availability. Detailed sedimentological analysis of deposits 

within the Tiskilwa Fm. in other areas of Illinois, and integration of other data types (e.g. 

geophysical and hydrogeological data) and techniques (e.g. tracer tests and modern 

analogues studies), will enhance delineation of the internal architecture and 

paleoenvironmental reconstruction of Late Quaternary events involved in the formation of 

the Wedron Group. The approach presented here can also be applied to the analysis of 

subglacial deposits in previously glaciated areas elsewhere to better understand the 

spatiotemporal arrangement of subglacial processes and the sedimentological record of 

these processes at a local scale as preserved in Quaternary glaciogenic successions. 
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Abstract  

Glacial terrains are commonly recorded using a landsystems approach, which allows 

detailed documentation of the geomorphological evolution of the landscape. However, 

landsystem analysis of Quaternary subsurface stratigraphies in which landforms are not 

apparent or preserved is problematic, making delineation of the sedimentary architecture 

of a glaciated basin infill difficult. The purpose of this study is to delineate the 

sedimentary architecture of the Sólheimajökull (southern Iceland) glacial landsystem and 

to provide an architectural framework for allostratigraphy and modern analogue purposes. 

An integrated architectural-landsystem approach is applied here, which utilizes principles 

from both architectural element analysis (AEA; Miall, 1985) and landsystem analysis 

(Evans, 2005). A bounding surface hierarchy (fourth- to seventh-order surfaces) provides 

a framework within which the architecture is organized. Fieldwork was conducted at 

Sólheimajökull glacier in 2012 and 2013, and twenty-two different surface features 

(bounded by fourth-order surfaces) were mapped, which were grouped into four different 

landsystem tracts (glaciofluvial, ice contact, jökulhlaup, and colluvial slope; bounded by 

sixth-order surfaces). Landsystem tracts were deconstructed into smaller architectural 

units (components; bounded by fifth-order surfaces), which allowed the delineation of 

eight allostratigraphic units that record the evolution of the glacial landsystem from 

approximately 7000 years BP to 2013 AD. The results of this study can provide insight to 

interpretation and delineation of the sedimentary architecture of other modern glacial 

landsystems and subsurface Quaternary deposits in North America and other formerly 

glaciated areas.  
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3.1 INTRODUCTION 

Studies at modern glacier margins allow first-hand documentation of the   

geomorphology, sedimentology, and sedimentation processes active in these 

environments, which can be utilized to understand the depositional and 

paleoenvironmental history of older Quaternary glacial successions (e.g. Boulton, 1972; 

Evans et al., 1999). Glacial landforms, and the sediments they contain, are commonly 

recorded using a landsystems approach (e.g. Evans and Rea, 1999; Evans et al., 1999; 

Andrzejewski, 2002; Delaney, 2002; Evans and Twigg, 2002; Spedding and Evans, 2002; 

Benn and Lukas, 2006; Golledge, 2007; Evans et al., 2008) which involves grouping 

genetically related sediment-landform assemblages into mappable units. The landsystems 

approach allows reconstruction of the geomorphological evolution of a glacial landscape, 

including its depositional and erosional history, based on the location, spatial relationship, 

and degree of preservation of sediment-landform associations (Evans, 2005). However, 

application of the landsystems approach for paleoenvironmental reconstruction of deeply 

buried subsurface deposits (in which the surface expression of landforms is not apparent 

or preserved) is problematic, making seamless delineation of the sedimentary architecture 

of a glaciated basin infill, from shallow to deep subsurface units, difficult.  

 Subsurface sedimentary geometries of glacial deposits are commonly delineated 

from exposed outcrop sections and by correlating units between boreholes, and may be 

analysed using stratigraphic methods such as lithostratigraphy (e.g. Meyer and Eyles, 

2007), sequence stratigraphy (e.g. El-ghali, 2005), and allostratigraphy (e.g. Eyles et al., 

1998). The dynamic, and inherently erosional, nature of glacial depositional environments 
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makes application of Walther’s Law (Middleton, 1973) difficult; hence, principles of 

lithostratigraphy and formal lithostratigaphic units (e.g. Willman and Frye, 1970) may not 

be the most appropriate methods for characterizing complex glacial successions (Räsänen 

et al., 2009; Hughes, 2010). Sequence stratigraphy has been utilized for the analysis of 

glacial successions deposited in marine-influenced (e.g. Powell and Cooper, 2002; El-

ghali, 2005) and glaciolacustrine (e.g. Martini and Brookfield, 1995) depositional 

environments; however, sequence stratigraphy is based on identification of fluctuations in 

sea level, the delineation of highstand and lowstand systems tracts, and identification of 

key surfaces (discontinuities and their correlative conformities) including a maximum 

flooding surface, which may not be applicable in glaciated terrain where marine influence 

is negligible or absent. Allostratigraphic principles are suitable for the analysis of the 

architecture of non-marine glacial successions because delineation of discontinuities is 

not reliant on sea level change. However, as a stand-alone method, allostratigraphy does 

not facilitate the characterization of the architecture and geometry of glacial deposits at 

various scales of resolution (e.g. facies associations to mappable units), and 

allostratigraphic units (and their bounding discontinuities) are often difficult to delineate 

between different depositional environments that have complex spatial relationships.  

Architectural element analysis (AEA) is an informal stratigraphic method 

(NACSN, 2005) for the delineation and characterization of sedimentary geometry at 

different scales of resolution (e.g. bedform to major basin fill), which is nested in a 

framework of hierarchical bounding surfaces. The bounding surfaces represent 

unconformities of different scales and serve as a framework within which the sedimentary 
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architecture is structured (Miall, 1988). AEA was developed for the analysis of ancient 

fluvial sediments exposed in outcrop sections (Allen, 1983; Miall, 1985) and has since 

been modified and applied for the analysis of sediments deposited in fluvial (e.g. Miall, 

1994; Ghazi and Mountney, 2009), deep marine (e.g. Hubbard et al., 2008), deltaic (e.g. 

Eriksson et al. 1995), subglacial (e.g. Boyce and Eyles 2000), and glaciofluvial (e.g. 

Slomka and Eyles, 2013) depositional environments.  

 The purpose of this study is to delineate the sedimentary architecture of the 

Sólheimajökull landsystem utilizing an integrated architectural-landsystems approach in 

order to: 1) test the applicability of AEA in a modern glacial depositional environment; 2) 

characterize the main architectural components of the landscape; 3) understand the allo- 

and autogenic controls on the sedimentary architecture; and 4) provide an architectural 

model of the Sólheimajökull landsystem for modern analogue and allostratigraphic 

purposes. This paper is the first of its kind to explore and utilize an integrated 

architectural-landsystem methodology to delineate the sedimentary architecture of a 

glaciated landscape. Translation of landsystem units into hybrid architectural-landsystem 

units has significant implications for delineation of the sedimentary architecture of other 

modern ice margins and subsurface glacial deposits within previously glaciated terrains, 

and facilitates the construction of architectural models at various scales of resolution that 

may be utilized for other applications such as groundwater investigations and source 

water protection programs in areas where coarse-grained glaciofluvial units host 

significant aquifers. 
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3.2 STUDY AREA AND GEOLOGIC HISTORY 

Sólheimajökull is a non-surging, temperate outlet glacier of the Mýrdalsjökull ice cap 

located in southern Iceland (Fig. 3.1; Björnsson, 2002; Scharrer et al., 2008). The 

accumulation area (altitude of 1300 m a.s.l.) sits above the southwestern part of the Katla 

volcano caldera (Scharrer et al., 2008). Sólheimajökull is blanketed with supraglacial 

debris derived from the 1918 Katla eruption, the 1999 jökulhlaup event (a catastrophic 

release of glacial meltwater), and steep bedrock valley slopes (including Jökulhaus, a 

prominent bedrock outlier; Fig. 3.1). The Little Ice Age (c. 1750-1920 AD; Dugmore and 

Sugden, 1991) glacial position is demarcated by a series of prominent end moraines from 

which the ice margin underwent punctuated retreat until about 1970 AD (Fig. 3.1). After 

this period of recession, the ice margin advanced to the 1995 ice margin position (Fig. 

3.1), followed by continuous retreat (average of 50 m per year) to its present-day position 

(Maizels, 1991; Friis, 2011; Schomacker et al., 2012). The glacier snout is presently 

retreating into a bedrock trough that has been subglacially scoured in some places to 50 m 

below sea level, and is presently occupied by an ice-contact lake (Mackintosh et al., 

2002). 

 Meltwater from the ice margin is drained by the Jökulsá á Sólheimasandi, which 

also receives meltwater discharged from Jökulsárgil river (flowing from 

Jökulsárgilsjökull in the north; Sigurðsson and Williams, 1991), Hólsárgil river (flowing 

southeast of Jökulhaus), and several other smaller streams (Russell et al., 2010a; Fig. 3.1). 

Along much of its length, Jökulsá is contained within a steep-walled valley incised by 

glaciofluvial erosion and widened by jökulhlaups. Older glacial sediments are exposed in  
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Fig. 3.1 Study area at Sólheimajökull in southern Iceland. A. Major geomorphic features 

of the distal proglacial area, including the Jökulsá river valley, sandar (Sólheimasandur 

and Skogasandur), major terraces (Pumice and Palagonite Terraces), minor bluffs 

(marked by hatched lines), and fans (Skoga, Holsa, Husa, and Klifandi fans). Thirteen 

stratigraphic units (identified by Maizels, 1989, 1991) comprise the sandar, and 

approximate ages are provided (note that Units 2-4 are not exposed at the surface; after 

Maizels, 1989, 1991; Friis 2011, Schomacker et al. 2012; Mountney and Russell, 2006). 

The location of B is outlined in red, and allostratigraphic units (AUs) delineated in this 

study are provided in parentheses. B. Terminal and lateral moraines are represented by 

dashed lines and ages of ice marginal positions are indicated (satellite image from 27 

August 2010; Google Earth, 2014). C. Net cumulative change in the position of the ice 

margin of Sólheimajökull since 1930 AD to 2010 AD (modified from Schomacker et al., 

2012; original data from the Iceland Glaciological Society database). 
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the valley walls and preserved in a series of terraces (Fig. 3.1; Friis, 2011). Beyond the 

road bridge along Route 1 (Fig. 3.1), Jökulsá flows towards the North Atlantic Ocean in a 

valley train between two outwash sandar, Skogasandur and Sólheimasandur (Fig. 3.1).  

Maizels (1989, 1991) identified thirteen stratigraphic units that make up the two sandar 

(Figs. 3.1A, 3.2) and dated the units using stratigraphic and geomorphic relationships, 

lichenometry, tephrachronology, and radiocarbon dating techniques (Maizels and 

Dugmore, 1985; Maizels, 1989, 1991). Both sandar are constructed from repeated 

jökulhlaups, glaciofluvial reworking, and alluvial fans (Figs. 3.1, 3.2A, D; Maizels, 

1989).  

 Five jökulhlaups generated by volcanic activity of Katla (termed ‘kötluhlaups’; 

Maizels, 1989) have impacted Sólheimajökull in recorded history (Fig. 3.2B; Eliasson et 

al., 2006; Russell et al., 2010a,b), and at least eight major jökulhlaups have impacted 

Skogasandur and Sólheimasandur from 4500 BP to 1357 AD (Figs. 3.1A, 3.2A; Maizels, 

1989, 1991). Minor jökulhlaups are also known to be generated from ice-dammed lakes 

in Jökulsárgil valley (Fig. 3.1), the most recent of which was recorded in 1936 

(Thorarinsson, 1939; Maizels, 1991; Björnsson, 2002; Russell et al., 2010a). Active 

volcanic eruption sites on Katla are now most common and active in the Kötlujökull 

catchment (northeast of Sólheimajökull; Maizels, 1989; Eliasson et al., 2008; Scharrer et 

al., 2008); hence, most recent jökulhlaups at Mýrdalsjökull have impacted Kötlujökull 

and Mýrdalssandur (Russell et al., 2006). However, the most recent jökulhlaup to impact 

Sólheimajökull was on 18 July 1999 AD, and was generated by volcanic activity beneath 

the Mýrdalsjökull ice cap (Russell et al., 2010a,b). Meltwater was routed down the  
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Fig. 3.2 Jökulhlaup history at Sólheimajökull. A. Maximum paleodischarge and 

recurrence interval of floods at Sólheimajökull since 4500 years BP (see Fig. 3.1 for 

spatial extent of stratigraphic units; modified from Maizels, 1991). B. Five volcanic 

eruptions of Katla have resulted in a jökulhlaup (kötluhlaup) at Sólheimajökull in 

recorded history since the 8
th

 Century (modified from Friis, 2011). C. Hydrograph of the 

1999 AD jökulhlaup showing a rapid rise to peak discharge and waning flood to normal 

base flow on 18 July (modified from Russell et al., 2010). D. Subsurface units of 

Skogasandur and Sólheimasandur recorded by Maizels (1989, 1991) (i) along Route 1 

and (ii) distal sediments recorded from bluffs along shoreline of the North Atlantic. 

Numbers correspond to allostratigraphic units in A (in parentheses) and Fig. 3.1 

(modified from Maizels 1989).  
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western margin of the glacier (‘Main Western Outlet’) and formed an ice-dammed lake in 

Jökulsárgil valley (Fig. 3.1). Smaller jökulhlaup routeways were located at the central and 

eastern areas of the ice margin, and most of the jökulhlaup flow was contained within the  

Jökulsá valley (Maizels, 1989; Lawler et al., 1996; Roberts et al., 2000; Russell et al., 

2002; Roberts and Russell, 2002; Russell et al., 2010a). Draining of the ice-dammed lake 

resulted in the deposition of a boulder fan in the ice-marginal area, and retreat of the ice 

margin since 1999 AD has exposed a large esker which forms remnant ice-cored 

hummocks in the ice-contact lake (Schomacker et al., 2012). 

 

3.3 METHODS 

Fieldwork at Sólheimajökull was conducted over a total of four weeks during May (2012 

and 2013) and August (2013) on the east (north of Route 1) and west (south of Route 1) 

sides of Jökulsá (Fig. 3.3). Twelve transects record surface features and sediment types 

which were documented in hand-drawn sketch maps and in ESRI ArcPad using a 

handheld Thales MobileMapper CE global positioning system (GPS; Fig. 3.3). Transects 

originate from exposed bedrock surfaces (where available) on the valley walls, and 

include data on relative change in surface topography (y-axis), distance (x-axis), surface 

features, sediment type, spatial relationships (e.g. over- and underlying, interfingering) 

and the nature of contacts (e.g. erosional, truncated, gradational, sharp, conformable) 

between surface features and associated sediments (Figs. 3.4-3.9). 

 GPS data of surface features were integrated with 2010 LiDAR data (2 m 

resolution; courtesy of the University of Iceland), detailed sketch maps, transect data, and  
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Fig. 3.3 Location of data utilized in this study, collected during fieldwork at 

Sólheimajökull in May 2012 and 2013 and August 2013. A. Landsystems tracts and 

components recorded in the field and identified by remote sensing of 2008 Google Earth 

and LiDAR imagery, overlain on 2m x 2 m LiDAR data from 2010 (LiDAR data courtesy 

of the University of Iceland). The locations of the ice-proximal and distal areas and 

transects 11 and 12, as referred to in this study, are indicated. B. Transects 1-10 overlain 

on LiDAR data of the ice-proximal area, including the modern Jökulsá river, Hólsárgil 

tributary stream, and Jökulhaus bedrock outlier. 
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2010 satellite imagery (from Google Earth) in order to comprehensively reconstruct the 

Sólheimajökull landsystem (Fig. 3.10). Surface features and transects were input to a 

geographic information system (GIS; ESRI ArcMap) and overlain on a 2010 LiDAR  

image and a georeferenced 2010 satellite image (Google Earth) which encompass the ice-

marginal area, bedrock valley slopes, and Jökulsá valley from the ice margin southward 

to the North Atlantic Ocean (Figs. 3.1, 3.3). Remote sensing of the LiDAR and satellite 

imagery was utilized to delineate surface features in areas where fieldwork was not 

conducted due to inaccessibility to the west (north of Route 1) and east (south of Route 1) 

of Jökulsá, as well as in the Hólsárgil valley (Figs. 3.1, 3.3). ‘Ice-proximal’ is defined 

here as terrain located north of the tenth century end moraine and ‘ice-distal’ refers to 

terrain located south of this moraine (Figs. 3.1, 3.3). ‘Ice-marginal’ is used here to refer to 

terrain that is in direct contact or in close proximity to the ice (i.e. subglacial or 

supraglacial positions, or abutting the ice in a proglacial setting). 

 Automated topographic profiles along transect lines were derived from the LiDAR 

data (using ‘interpolate line’ function in ArcMap 3D Analyst) and integrated with field-

derived topographic profile data (Figs. 3.6-3.9). The LiDAR dataset collected in 2010 

does not accurately (within 2 m) represent the surface elevation of ice-marginal features 

recorded during fieldwork in 2012 and 2013 because the glacier in 2010 still covered the 

2012-2013 ice-marginal area; however, transect data recorded at the ice-margin during 

field work in 2012-2013 (Fig. 3.8B) provides an estimate of surface topography and 

relative changes in surface elevation.  
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 Vector shapefiles (points, lines, and polygons) of surface features were converted 

to interpolated shapes (Functional Surface toolset of 3D Analyst Tools in ArcToolbox) 

based on surface elevations from the LiDAR data (using a Linear interpolation method), 

and imported to ArcScene for three-dimensional analysis of the composition and 

evolution of the landsystem architecture (Fig. 3.10). Previous studies at Sólheimajökull 

helped to constrain former ice margin positions, timing of geologic events, and the 

formation of sedimentary deposits in the proglacial area, and provide insight into the 

three-dimensional geometry and spatial relationship of sediments in the subsurface 

(Thorarinsson, 1943; Crittenden, 1975; Maizels, 1989, 1991; Dugmore and Sugden, 1991; 

Dugmore et al., 2000; Mackintosh et al., 2002; Russell et al., 2010a,b; Friis, 2011; 

Schomacker et al., 2012). 

 

3.4 SEDIMENTARY ARCHITECTURE 

An integrated architectural-landsystem approach is utilized here, whereby principles of 

landsystems analysis (Eyles, 1983; Evans, 2005) and architectural element analysis 

(AEA; Allen, 1983; Miall, 1985) are combined to characterize the sedimentary 

architecture of the Sólheimajökull landsystem. The basic framework of AEA is a 

hierarchical ranking of lithofacies contacts (Fig. 3.4) that record environmental changes at 

various spatial scales. Lithofacies contacts are assigned a numerical order in accord with 

the degree of environmental change recorded at each contact, and a single contact can 

transition between different orders of the surface hierarchy (Miall 1988, 2010). The 

degree of environmental change recorded by a bounding surface is controlled by internal  
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Fig. 3.4 Bounding surface hierarchy utilized in this study (modified from Miall, 2010; 

Slomka and Eyles, 2013). 
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(autogenic) and external (allogenic) controls on depositional, erosional, and transport 

processes within a depositional system (Miall, 2010).    

 Lithofacies contacts that separate similar lithofacies types are delineated by first- 

to third-order surfaces (e.g. set and co-set boundaries within a migrating bedform; Fig. 

3.4) and record autogenic controls within a depositional system, such as a change in 

paleocurrent strength and direction (Beerbower, 1964; Miall, 2010). Lithofacies contacts 

that record larger-scale autogenic controls in a depositional system (e.g. downstream 

migration of a bar) are delineated by fourth-order lithofacies contacts, which delineate 

packages of genetically related strata (e.g. bars and channels in a fluvial depositional 

environment with a characteristic geometry, named ‘architectural elements’; Miall, 1985).

 Major changes in a depositional system (as a result of auto- and/or allogenic 

controls) are delineated by fifth-order lithofacies contacts (e.g. channel avulsion or step-

wise channel incision) and environmental changes operating on a basin-wide scale (e.g. 

retreat of an ice margin) are recorded by sixth-order contacts delineating depositional 

environments (these may be equivalent to lithostratigraphic unit boundaries in vertical 

succession; Fig. 3.4). Seventh-order surfaces record major allogenic changes, such as 

tectonic uplift and climatic variation (e.g. the boundary separating volcanogenic bedrock 

and overlying unlithified glaciogenic sediments).  

 By integrating the bounding surface hierarchy (of AEA) and the hierarchical 

classification of sediment-landform associations (of landsystems analysis; Evans, 2005), 

the Sólheimajökull landsystem is deconstructed here (Figs. 3.5, A1) into a hierarchy of 

genetically related sediment-landform packages that are delineated by lithofacies contacts 
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at three different scales of resolution, including landsystem surface features (fourth-

order), components (fifth-order), and tracts (sixth-order; Figs. 3.4, 3.5). The ‘surface 

feature’ is the smallest-scale package, which herein is defined as a positive (e.g. drumlin), 

negative (e.g. kettle), or negligible (e.g. ice-contact outwash fan) relief landform that has 

a characteristic external geometry, is composed of genetically related sediments, and 

delineated by a fourth-order bounding surface. A total of twenty-two different surface 

features are delineated in this study (Fig. 3.5). Analysis of the sedimentary composition, 

orientation, spatial relationship, and genetic origin of these surface features allowed the 

identification of four landsystem tracts (delineated by sixth-order surfaces) which are the 

largest-scale sediment-landform packages mapped within the Sólheimajökull landsystem 

(Figs. 3.5-3.9) and include jökulhlaup, glaciofluvial, ice-contact, and colluvial slope 

tracts. In order to understand landsystem tract development, the internal architecture of 

the landsystem tracts was deconstructed into a third group of smaller architectural 

packages made of genetically related surface features (herein named ‘landsystem tract 

components’ delineated by fifth-order surfaces; Fig. 3.5). The orientation, topographic 

position, spatial orientation and relationship, and nature of sedimentary contacts (e.g. 

erosional, truncated, gradational, and sharp) of surface features within each landsystem 

tract were analysed, and spatially and genetically related surface features were grouped 

into nine landsystem tract components delineated by fifth-order bounding surfaces (Figs. 

3.4, 3.5). The components record different allo- and autogenic controls within a single 

depositional environment or landsystem tract, and are discussed in detail below. 
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Fig. 3.5 Sediment-landform hierarchy of the Sólheimajökull landsystem delineated in this 

study, including the glaciofluvial, jökulhlaup, ice contact, and colluvial slope landsystem 

tracts (bounded by sixth-order surfaces), landsystem tract components (bounded by fifth-

order surfaces), and surface features (bounded by fourth-order surfaces). 
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3.4.1 Jökulhlaup landsystem tract 

 The jökulhlaup landsystem tract is the most widespread tract in the 

Sólheimajökull landsystem; however, in the Jökulsá valley, it is most common in the ice-

proximal area where it overlies older deposits of the glaciofluvial and ice-contact 

landsystem tracts (Fig. 3.6; Russell et al., 2010a). The surface features of historical 

jökulhlaups are difficult to identify in distal areas within the Jökulsá valley, probably as a 

result of rapid downstream attenuation of peak flow and sediment transport capacity 

(documented from the 1999 AD jökulhlaup) and sediment reworking (Russell et al., 

2010a). Large-scale boulder fields are the most distinctive surface feature in the 

jökulhlaup landsystem tract; other surface features include large-scale channels with 

chutes, broad fans dissected by crude channels, a moraine gully, circular depressions, 

linear sediment ridges, and bedrock canyons (Figs. 3.5, 3.6). The jökulhlaup landsystem 

tract is patchy and irregular in geometry (Fig. 3.6), and mapped here as three different 

components including a channelized boulder terrace, fan terrace, and debris apron (Figs. 

3.5, 3.6).  

3.4.1.1 Channelized boulder terrace component 

 The channelized boulder terrace component is composed of a large-scale boulder 

field dissected by a large-scale channel fed by chutes (Fig 3.6A). The geometry of 

channelized boulder terrace components is elliptical in plan view, tabular and irregular in 

cross sectional view, and elongated parallel to the Jökulsá valley (Figs. 3.5, 3.6). This 

component is located along the margins of the Jökulsá river (Figs. 3.6D), and dissected by 

the glaciofluvial landsystem tract (Fig. 3.6B).  
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Fig. 3.6 Jökulhlaup landsystem tract architecture. A. Oblique ArcScene view of 

jökulhlaup landsystem tract components (and units of Maizels, 1989, 1991) overlain on a 

hillshade of 2010 LiDAR data (2m x 2m), including the location of transects (T) 8, 10, 11 

(LiDAR courtesy of the University of Iceland; no vertical exaggeration). B. Transect 10 

with surface features, components, and bounding surfaces (circled numbers) annotated. C. 

Transect 8 with surface features, components, and bounding surfaces (circled numbers) 

annotated. D. Plan view of the channelized boulder terrace and fan terrace components 

(fifth-order surfaces) and the jökulhlaup landsystem tract (sixth-order surface) at transect 

8. Note other landsystem tracts are faded. 
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 Boulder fields (surface feature; Fig. 3.5) are made of poorly sorted coarse-grained 

sediment with an abundance of boulders (up to at least 5 m in diameter) dispersed over a 

surface up to 1500 m in length (parallel to paleoflow direction) and 140 m wide 

(perpendicular to paleoflow direction; Figs. 3.5, 3.6). Boulder fields commonly contain 

linear gravel ridges that form streamlined positive relief features (< 1 m in height and 

several tens of metres long), which give the boulder field an undulating surface 

topography (Fig. 3.6B,C). Rare circular depressions in the boulder field are infilled with 

sand-sized sediment and encircled with cobbles and boulders (Fig. A1). Boulder fields are 

dissected by a trunk channel (up to 20 m wide and 600 m long) that is commonly 

confluent with large chutes (10 m wide and 300 m long) and secondary channels that are 

orientated transverse to the axis of the main trunk channel (Fig. 3.6A). The large-scale 

trunk channel is infilled with finer-grained sediment (sand to cobble-sized grains), and is 

bounded on one side by a terrace wall that is 1 to 9 m high in the ice-proximal area (Figs. 

3.6B, C) and 3 m high in the ice-distal area (Fig. 3.7F, A1).  

 The channelized boulder terrace components recorded here were formed during 

the 1999 AD jökulhlaup event in areas of flow expansion under peak flow discharges of 

about 4500 m³s
-1

 (Fig. 3.2C) in the ice-proximal area (transect 8) to 1700 m³s
-1

 in the ice-

distal area (transect 11; Figs. 3.3, 3.6; Russell et al., 2000, 2010a). The linear sediment 

ridges are interpreted to record streamlining and reworking of coarse-grained sediment 

during waning jökulhlaup flood flow (Fig. 3.2C), which also likely contributed to the 

formation of chutes draining floodwater into the main trunk channel (Fig. 3.3.6A; 

Maizels, 1997; Russell et al., 2000). Circular depressions in the boulder terrace are 
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interpreted to be rimmed kettles (Maizels, 1997), formed by meltout of ice blocks 

transported during the jökulhlaup flood (Russell et al., 2010a).  

3.4.1.2 Fan terrace component 

 The fan terrace component (up to 250 m in length and 120 m wide) consists of 

superimposed fan surface features dissected by crude channels. Fan apices are located at 

the mouth of a large (5 m deep and 20 m wide; Fig. 3.8C) moraine gully incised into an 

end moraine (Fig. 3.6A), which contains sand- and granule-sized sediment and rare 

boulders at its base. Two confluent hanging valleys form the head of the gully, which 

widens at the confluence and narrows at the gully mouth (Fig. 3.6A). Fans are composed 

of poorly sorted coarse-grained sediment (1 m thick deposit) of cobble- to boulder- sized 

grains closest to the apices that become finer-grained (sand and pebbles) and thinner (a 

few centimeters thick) toward the distal fan margins. Superimposed fans form a raised 

terrace surface (1 to 2 m thick), which is incised by the trunk channel of the channelized 

boulder terrace component (demarcating a fifth-order bounding surface; Fig. 3.6). Crude 

channels (up to 1 m deep and infilled with boulders) dissect the fan surface, which at their 

mouths form small-scale chutes to the main trunk channel of the channelized boulder 

terrace component (Fig. 3.6A). 

 The moraine gully was formed during the 1999 jökulhlaup event in an ice-

marginal position, and the superimposed fans are interpreted to have formed as a result of 

flow expansion as floodwater flowing at peak discharge (Fig. 3.2D) exited the confined 

moraine gully (minor eastern outlet; Fig. 3.6A; Russell et al. 2000). The spatial 

relationship between the fan terrace component and the trunk channel of the channelized 
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boulder terrace component suggests the fans formed concurrently or slightly prior to trunk 

channel incision (Fig. 3.2D). Small-scale chutes and channels that dissect the fan terrace 

surface (Fig. A1) were probably formed during waning stage flow (Fig. 3.2D) as 

floodwaters drained from the fan terrace. 

3.4.1.3 Boulder debris apron component 

 The boulder debris apron component has an irregular geometry (up to 900 m in 

length and 250 m to 1 km wide; Figs. 3.5, 3.6) and is composed of poorly sorted, coarse-

grained jökulhlaup debris with clusters of large boulders (up to 10 m in diameter; Fig. 

3.6D). Boulder debris aprons are composed of boulder fields and may be dissected by 

crude gullies and kettle scours (Maizels, 1991; Russell et al., 2010a). The spatial 

relationship between boulder debris aprons and former ice margin positions (Figs. 3.1, 

3.6) suggests they likely formed at or near the ice margin under peak jökulhlaup flows, as 

was recorded during the 1999 AD jökulhlaup event (forming the ‘boulder bar’ of Russell 

et al., 2010).  

 

3.4.2 Glaciofluvial landsystem tract  

 The glaciofluvial landsystem tract is the most widespread tract within the Jökulsá 

valley (Fig. 3.7G); however active glaciofluvial transport and depositional processes are 

presently operating only in relatively narrow ribbons of terrain occupied by the Jökulsá 

and Hólsárgil rivers (Fig. 3.1).  Deposits of the glaciofluvial landsystem tract are at least 

10 m thick, 1200 m wide (perpendicular to the Jökulsá river), and 8 km long (measured 

from the ice-margin to the shore of the North Atlantic; Figs. 3.1, 3.7H). In the ice-  
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Fig. 3.7 Glaciofluvial landsystem tract architecture. Surface features, components, and 

bounding surfaces (circled numbers) annotated on: A. transect 4, B. transect 5, C. transect 

9, D. transect 11, and E. transect 12. Plan view of surface features (channels and bars), 

components (fifth-order) and landsystem tract (sixth-order) delineated in: F. the ice-

proximal area at transects 4-7 and G. the ice-distal area at transects 11 and 12 (and 

jökulhlaup units). H. Oblique ArcScene view of terraced channel fill components overlain 

on a hillshade of 2010 LiDAR data (2m x 2m), including the location of F. and G. 

(LiDAR courtesy of the University of Iceland; no vertical exaggeration). Note other 

landsystem tracts are faded. 
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proximal zone, the glaciofluvial landsystem tract commonly truncates and is overlain by 

the ice-contact and jökulhlaup landsystem tracts (separated by a sixth-order surface; Figs. 

3.6B-C, 3.8C-D); whereas in the ice-distal area, it commonly incises the jökulhlaup 

landsystem tract (Fig. 3.7D, G). The internal architecture of the glaciofluvial landsystem  

tract is composed of well-defined gravel bars, channels, and terrace wall surface features, 

which are grouped into larger-scale architectural units called ‘terraced channel fill 

components’ (Figs. 3.5, 3.7). 

3.4.2.1 Terraced channel fill component 

Terraced channel fill components commonly contain a main channel positioned between 

a terrace wall (forming one margin of the channel) and a swarm of bars dissected by 

smaller channels on the other margin of the main channel (Fig. 3.7). The channels, bars, 

and terrace walls within an individual component are commonly orientated in 

approximately the same longitudinal direction (Fig. 3.7F) and individual components are 

located at different topographic positions (Fig. 3.7A-E). Terraced channel fill components 

are up to 500 m wide and 6500 m long (Figs. 3.5, 3.7). The three-dimensional internal 

architecture of the glaciofluvial landsystem tract is complex due to the intricate spatial 

relationship of components, making delineation and correlation of stacked, incised, and 

truncated components difficult.  

 Gravel bars are the most common surface feature recorded in the glaciofluvial 

landsystem tract. Bars are composed of sand- to cobble-sized sediment and are commonly 

dissected by bar top chutes. Bars are generally lentoid to spindle shaped in plan view and 

tabular to low relief semi-ellipsoid in cross-section. Bars are a few centimeters to 2 m 
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thick, up to at least 20 m wide (perpendicular to paleoflow direction), and a few metres to 

at least 200 m long (parallel to paleoflow direction) in the ice-proximal area, and <2 m 

thick, up to 80 m wide, and up to 250 m long in the ice-distal area adjacent to the active 

Jökulsá (Fig. 3.7). Larger-scale bars commonly have well-defined, steep margins that are 

truncated by or gradational with channel surface features, whereas the margins of smaller-

scale bars are gradational with channel bases.  

Channels form a complex, interconnected network of ribbon-like geometries 

(Figs. 3.3, 3.7), and are delineated by their topographic position relative to bar surfaces, 

the finer-grained nature of sediments that infill channels (compared to the coarse-grained 

sediment composition of bars), cross-cutting relationships between two or more confluent 

channels and location and position of channel margins. Channel surface features are 

located between bars and in areas that are topographically lower than bar surfaces (Fig. 

3.7). Channels may contain small-scale low relief bars along their margin or in the centre 

of the channel. The channel base commonly has a planar longitudinal geometry and 

concave-up cross-sectional geometry (Fig. 3.7), however channels that contain small-

scale bars have convex-up and undulating longitudinal geometries. Channels are a few 

tens of metres wide and at least 100 m long and are commonly interconnected with other 

channels along their length (Fig. 3.7, A1). The active Jökulsá occupies a single steep-

walled channel in the ice-marginal area but widens and occupies several interconnected 

(braided) channels in the ice-distal area (Fig. 3.7).  

 Terrace walls are 1-5 m high and closely associated with channels because they 

commonly demarcate a channel margin (Fig. A1). Terrace walls are readily delineated in 
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the field and remotely sensed from LiDAR and satellite imagery because of a sharp break 

in slope and change in the orientation of bar and channel surface features (Figs. 3.1, 3.3, 

3.7). Terrace walls are commonly orientated obliquely to the active Jökulsá river (except 

for those delineating the active Jökulsá valley train). 

 The terraced channel fill components are interpreted as remnant segments of the 

Jökulsá valley train formed by adjustment of the glaciofluvial system and step-wise 

incision of older glaciofluvial and jökulhlaup deposits (Williams and Rust, 1969; Marren 

and Toomath, 2013). Channels are interpreted to record main conduits through which the 

Jökulsá river flowed during normal base flow conditions, and which may become 

reactivated during high stage flow (e.g. as a result of peak melt and intense rainfall 

events; Williams and Rust, 1969) or jökulhlaups (Russell et al., 2010a). Bars are 

interpreted to be ‘storage sites’ for coarse-grained bedload recording transport of coarse-

grained sediment during non-jökulhlaup floods, and deposition during normal base flow 

conditions or channel abandonment (Miall, 1977). Bars may become reactivated, 

reworked, or completely removed during successive flood events or jökulhlaups. Terrace 

walls (those not associated with the 1999 AD jökulhlaup) are interpreted to record the 

geomorphic response of the glaciofluvial landsystem tract to rapid glacier retreat (50 m 

per year) and non-jökulhlaup floods, whereby the Jökulsá has down cut through older 

deposits (Thompson and Jones, 1986; Maizels, 1991; Marren and Toomath, 2013).   
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3.4.3 Ice-contact landsystem tract  

 The ice-contact landsystem tract is the predominant tract in the ice-marginal area 

of the Sólheimajökull landsystem (Fig. 3.8A) and it does not extend beyond the southern 

extent of the exposed bedrock valley (Fig. 3.1, 3.3). It is most evident directly at the ice 

margin where ice cored moraine is formed from englacial esker sediments and 

supraglacial debris that blanket stagnant or ‘dead’ ice, and where low-relief kame fans are 

deposited in the Jökulsá ice-contact lake (transect 1, Fig. 3.8). It has the most complex 

internal architecture of the landsystem tracts, and is composed of surface features 

including kettles, hummocks, moraines (annual, end, and terminal), drumlins, till sheets, 

kame fans, eskers, and low relief surfaces of ephemeral ice-contact glacial lakes and 

ponds (Figs. 3.5, 3.8). The ice-contact landsystem tract consists of three components 

(delineated by fifth-order bounding surfaces) formed in subglacial and ice-marginal (till 

plain component), supraglacial (ice cored moraine component), and ice-marginal to 

proglacial (outwash surface component) depositional settings (Figs. 3.5, 3.8). 

3.4.3.1 Till plain component 

The most spatially extensive component in this tract is the till plain (Fig. 3.8A), which 

consists of end and terminal moraines, drumlins, annual moraines, and rare kettle ponds 

and hummocks (Fig. 3.5). It is best preserved on an upper terrace surface, where end 

moraines form positive relief features with a saw tooth plan form and asymmetrical cross 

sectional geometry, and are interspersed with kettle ponds and low relief drumlinoid 

features (Figs. 3.3, 3.8; Schomacker et al. 2012). The internal composition of the till plain 

component is exposed in vertical outcrop sections along terrace walls and the moraine  
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Fig. 3.8 Ice contact landsystem tract architecture. A. Oblique ArcScene view of till plain, 

outwash surface (including the fan surface), and ice cored moraine components overlain 

on a hillshade of 2010 LiDAR data (2m x 2m; LiDAR courtesy of the University of 

Iceland; no vertical exaggeration). Surface features, components, and bounding surfaces 

(circled numbers) annotated on B. Transect 1; C. Transect 6; and D. Transect 7. E. Plan 

view of the ice contact landsystem tract (sixth-order surfaces) at transects 1-7, including 

the outwash surface component (including the outwash kame fan surface), till plain, and 

ice cored moraine components (fifth-order surfaces). Note other landsystem tracts are 

faded.  
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gully (e.g. transects 7, 8; Figs. 3.6, 3.8). The internal sedimentary composition of the till 

plain consists of till interbedded with coarse-grained lenses, and moraines commonly 

overlie older (pre-LIA) deposits of the glaciofluvial landsystem tract (Schomacker et al., 

2012). Annual push moraines form discontinuous, linear, sharp-crested and flat-topped 

positive relief features up to 1 m high, a few metres wide, and hundreds of metres long 

(Fig. 3.8E). They are composed of coarse-grained sand to cobble-sized sediment.  

Preservation of annual moraines is low due to their susceptibility to reworking by alluvial 

and glaciofluvial processes (Schomacker et al., 2012). The till plain component is 

commonly incised, and in some places completely removed, by the jökulhlaup, colluvial, 

and glaciofluvial landsystem tracts (delineated by a sixth-order surface; Fig. 3.8D, E). 

3.4.3.2 Ice cored moraine component 

The ice cored moraine component consists of poorly sorted debris (silt- to boulder-sized 

sediment) that forms discontinuous, irregular-shaped positive relief features. The ice 

cored moraine component is located at the ice margin (in the Jökulsá ice-contact lake) and 

along the margins of the lake (Fig. 3.8), and forms broad zones that are up to 500 m long 

(parallel to ice margin), 100 m wide (measured perpendicular to ice margin), and up to 1 

m thick (Fig. 3.8). The ice cored moraine component contains former englacial esker 

sediments and supraglacial debris now resting on stagnant ice; downwasting of the ‘dead’ 

ice has resulted in the formation of kettles and hummocks on the surface of the ice cored 

moraine (Fig. 3.8). Kettles form circular depressions that are commonly ice- or sediment-

walled and water-filled, and contain a slurry of saturated unconsolidated diamict. The ice 

cored moraine component commonly interfingers with the ice contact outwash surface 
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component (which includes the Jökulsá ice contact lake; Figs. 3.5, 3.8E), and the colluvial 

landsystem tract. Isolated blocks of buried glacial ice are partially exposed along the 

bedrock valley walls underneath colluvial debris which suggests the ice-cored moraine 

component is likely more extensive than shown here (Fig. 3.8). Along the margins of the 

ice-contact lake, the ice cored moraine component forms hummocky ridges orientated 

parallel to the shoreline. Hummocks are positive-relief features that commonly consist of 

an ice core blanketed by stratified supraglacial debris. Hummocks contain concentrations 

of cobble to boulder sized clasts around their base which are actively transported by 

backwasting under the influence of gravity (Eyles, 1979).  

 The ice cored moraine component is interpreted to record the former location of 

the ice margin, where sediments deposited in englacial and supraglacial positions are 

exposed. With continued glacial retreat, the ice-cored moraine component may be 

completely reworked by glaciofluvial and glaciolacustrine processes and is not likely to 

be preserved in the stratigraphic record (Schomacker and Kjær, 2007). However, ice-

cored hummocks are a common feature in the Jökulsá ice-contact glacial lake, and 

complete downwasting of ice may result in hummocks preserved as boulder 

concentrations in the ice-contact outwash surface component (Figs. 3.5, 3.8E). 

3.4.3.3 Outwash surface component 

The outwash surface conformably overlies the till plain component (fifth-order surface; 

Fig. 3.8C, D) and is composed of a fan surface (interpreted as kame fans) where fan 

apices originate from a ‘low-relief’ surface (fourth-order contact) and are overlain by 

annual moraines (Fig. 3.8E). The ‘low relief’ surface forms a flat to gently undulating 
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topography with a paucity of well-defined surface features, and is overlain by moderately 

well sorted granule- to pebble-sized (and rare cobble- to boulder-sized) sediment. The 

margins of the outwash surface component contain annual push moraines, except on the 

northwest margin where the surface is truncated by the glaciofluvial landsystem tract 

(Fig. 3.8E). Lobe-shaped deposits of cobbles and boulders form poorly-defined 'bars' with 

gradational margins that are dissected by crude chutes along the eastern margin of the 

outwash surface (Fig. 3.8E).  

The presence of kettles, hummocks, kame fans and annual push moraines indicate 

that this component was formed, at least in part, in an ice-contact depositional setting. 

The low relief topography, poorly developed lobate gravel bars, and fan surface are 

suggestive of sorting by meltwater, probably in an ephemeral ponded lake environment, 

similar to the depositional setting of the present-day ice margin in the shallow parts of the 

Jökulsá ice-contact lake. 

 

3.4.4 Colluvial slope landsystem tract  

 The colluvial slope landsystem tract is spatially and genetically associated with 

bedrock valley walls, and is characterized by two main components that are commonly 

superimposed, including a colluvial talus apron (dominated by gravitational processes) 

and an alluvial gullied surface (dominated by processes due to the action of surface water 

draining from higher elevations; Fig. 3.5). The colluvial slope landsystem tract is 

composed of debris cones and aprons, alluvial gullies and fans, crude channels and bars, 

and alluvial terraces (formed by surface water draining from higher elevations and  
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Fig. 3.9 Colluvial slope landsystem tract architecture. A. Plan view of the colluvial slope 

landsystem tract (bounded by the sixth- and seventh-order surfaces) at transects 2-6, 

including the colluvial talus apron and alluvial gullied surface (including alluvial terrace 

and fan features) components (fifth-order surfaces). Note other landsystem tracts are 

faded. Surface features, components, and bounding surfaces (circled numbers) annotated 

on B. Transect 2; and C. Transect 3. D. Oblique ArcScene view of the colluvial talus 

apron and alluvial surface components overlain on a hillshade of 2010 LiDAR data (2 m 

x 2 m; LiDAR courtesy of the University of Iceland; no vertical exaggeration). 
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depositing sediment onto the valley floor below; Figs. 3.5, 3.9). In the ice-marginal area, 

the colluvial slope landsystem tract directly overlies the lateral margins of Sólheimajökull 

and interfingers with the ice-contact landsystem tract (transect 1; Fig. 3.8). In the ice-

proximal area, it overlies and truncates the ice-contact landsystem tract and overlies the 

glaciofluvial landsystem tract (transects 2-3; Figs. 3.8C, D, 3.9).  

 

3.4.4.1 Colluvial talus apron component 

The colluvial talus apron component forms a sheet of poorly sorted colluvium derived 

from rockfall debris and lateral moraines deposited at higher elevations on Jökulhaus, and 

from supraglacial debris transported by Sólheimajökull adjacent to the bedrock valley 

walls. Sand- to boulder-sized sediment (up to at least 5 m in diameter) forms cone-shaped 

deposits that rest directly on high angle exposures of bedrock, and coalesce downslope to 

form sheet- or apron-like geometries (Figs. 3.8, 3.9). It forms steep talus aprons where it 

directly overlies the lateral margins of Sólheimajökull; slide scars that expose vertical 

bedrock walls are common features at the head of the colluvial talus apron. At the ice 

margin, this component is underlain by isolated blocks of stagnant ice and till deposited 

on the Jökulhaus bedrock valley walls (Figs. 3.8, 3.9) and interfingers with the ice contact 

landsystem tract (separated by a sixth-order bounding surface with a complex geometry). 

In the ice-proximal area further from the ice margin, the colluvial talus apron is 

commonly reworked and truncated by the alluvial gullied surface component (Figs. 3.8, 

3.9) and overlies the ice contact landsystem tract. 
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 The colluvial talus apron forms a minor component of the Sólheimajökull 

landsystem, and its spatial location and preservation is dependent on the location of 

exposed bedrock slopes and active colluvial processes. This component is interpreted to 

form by rockfall of unstable materials perched at higher elevations (likely originating 

from lateral moraines) and resedimentation of supraglacial debris by downwasting of the 

lateral margins of Sólheimajökull (Eyles, 1979; Blikra and Nemec, 1998). Rockslides 

were not observed at the ice margin, however slide scars and oversteepened colluvial 

talus aprons overlying the lateral margins of Sólheimajökull suggest rockslides initiate 

resedimentation of lateral moraine material during downwasting of glacial ice, and may 

be triggered by the oversteepening of talus apron slopes and intense rainfall events 

(Sigurdsson and Williams, 1991).  

3.4.4.2 Alluvial gullied surface component 

This component is characterized by an irregular gullied surface on the colluvial slope 

covered with crudely sorted clusters of cobbles and boulders. It conformably overlies and 

truncates the colluvial talus apron component (separated by a fifth-order bounding 

surface), and both incises and is overlain by the ice-contact landsystem tract (sixth-order 

surface; Figs. 3.8, 3.9). Gullies form linear, meandering negative-relief surface features 

that are orientated roughly parallel to the colluvial slope direction; however poorly-

developed gullies near the ice margin (transects 2 and 3; Figs. 3.9B, C) are orientated 

obliquely to the colluvial slope direction (Fig. 3.9A). Gullies are at least a few tens of 

centimetres deep, contain cobbles and boulders, and commonly terminate in small-scale 

fans of sand-sized sediment in the Jökulsá ice contact lake or in channels at the base of 
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the colluvial slope (Fig. 3.9). Between gullies, cobbles and boulders are crudely sorted 

and form crude positive relief bar-like features. In one location, several small-scale 

(approx. 2 metres wide) alluvial fans coalesce to form an 'alluvial terrace' that overlies the 

surface of the glaciofluvial landsystem tract (Fig. 3.9).  

 This component is interpreted to form by reworking of the colluvial talus apron by 

surface runoff generated during heavy rainfall, during which surface runoff drains 

through gullies, transporting sand and finer-grained sediment and destabilizing cobbles 

and boulders on the gully slopes (this process was observed during fieldwork in 2013). 

The orientation and spatial relationship of some gullies to the colluvial slope direction 

and annual moraines suggest these gullies formed from meltwater draining the ice margin 

prior to ice-marginal retreat to its present day location. 

 

3.5. LANDSYSTEM ALLOSTRATIGRAPHIC FRAMEWORK 

A landsystem tract records the time-transgressive development of a single depositional 

environment; hence, fragments of different landsystem tracts formed contemporaneously 

at different stages of glacier margin advance and retreat (Evans, 2005). Landsystem tract 

components (and fifth-order bounding surfaces) are utilized here to define 

allostratigraphic packages (Hughes, 2010) that facilitate paleoenvironmental 

reconstruction of the evolution of the Sólheimajökull landsystem (Fig. 3.10). Eight 

allostratigraphic units (AU1-8) compose the landsystem, and are described below. 
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3.5.1 Allostratigraphic Unit 1: Sandur sheets and fans assemblage (c. 3100-7000 yrs 

BP) 

AU1 comprises the oldest deposits of Sólheimasandur and is composed of interbedded 

units of glaciofluvial (units 2 and 4; Figs. 1, 2) and jökulhlaup (units 1(J) and 3(J); Figs. 

3.1, 3.2)  outwash deposits that were deposited on a broad sandur plain that is at least 7 

km wide (Figs. 1A, 2D, 11C; Maizels, 1989). Coarse-grained gravels and sands form 

broad, sheet fans extending from the Þurragil bedrock gorge and other nearby bedrock 

channels (Fig. 3.10A; Maizels, 1989, 1991; Russell et al., 2010). The fans aggraded to a 

thickness of at least 12 m and are located at a stratigraphic position about 35-50 m a.s.l. 

(Fig. 3.2D; Maizels, 1989). The outermost lateral moraines at Sólheimajökull have been 

dated by Dugmore and Sugden (1991) and are only preserved on bedrock slopes. This 

assemblage is interpreted to have formed in an ice-proximal depositional setting 7000-

3100 BP, during which the ice margin underwent two major periods of ice advance onto 

the sandur plain at 7000 BP (Drangagil stage; maximum southern extent shown in Fig. 

3.10A) and 3100 BP (Hólsárgil stage; Dugmore and Sugden, 1991). The extent of the 

glacier snout is estimated based on ice margin reconstructions by Dugmore and Sugden 

(1991; Fig. 3.10A). 

 

3.5.2 Allostratigraphic Unit 2: Sandur terraces assemblage (c. 2100-<3100 yrs BP) 

Retreat of the Sólheimajökull ice margin from its position in 3100 BP resulted in it 

occupying an area closer to the bedrock valley mouth (Fig. 3.10B). Several jökulhlaup 

flood events resulted in the deposition of terraced fans that are more spatially-restricted 
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(up to 3250 m wide) but thicker (at least 13 m thick; Maizels 1989) than those in AU1, 

forming the Palagonite and Pumice Terraces and Husa Fan (Figs. 3.1, 3.2, 3.10B). 

Glaciofluvial processes reworked the jökulhlaup surfaces and deposited relatively thin 

deposits of sand and gravel on Sólheimasandur and Skogasandur (Maizels, 1991). The 

position of the ice margin at this time is estimated on the basis of the extent of the 

Palagonite Terrace and estimated equilibrium line altitude (900 m, similar to the 1200 BP 

equilibrium line altitude; Mackintosh et al., 2002). The jökulhlaup deposits are laterally 

extensive across the sandur, which suggests they flowed in an unconfined depositional 

setting on the sandur plain. Jökulhlaup flows likely occupied and eroded bedrock canyons 

and truncated older sandur deposits (Russell et al., 2010a).  

 

3.5.3 Allostratigraphic Unit 3: Skoga jökulhlaup assemblage (c. 1200-<2100 yrs BP) 

This unit records one of the largest jökulhlaup events recorded at Sólheimajökull (Fig. 

3.2), which resulted in the formation of the Skoga Pumice Fan (up to 2300 m wide and 15 

m thick; Maizels 1989). A smaller-scale jökulhlaup (1200 BP) generated floodwaters that 

incised the north and west margins of the Skoga Fan and formed the Hófsá (Skoga) 

meander channel and Holsa Fan (Figs. 3.1, 3.2, 3.10C; Maizels, 1989). Post-flood 

glaciofluvial processes reworked the margins of Skoga Fan and the surface of 

Skogasandur, and truncated older Sólheimasandur deposits (Fig. 3.10C; Maizels 1989; 

1991). The most distal end moraine preserved in the Jökulsá valley is located at the mouth 

of the bedrock valley (Figs. 3.8, 3.10D). The moraine forms remnant ridges that have 

been dated to the sixth to seventh centuries by Dugmore and Sugden (1991; Ytzagil stage; 
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1200-1400 yrs BP), and is interpreted to record a period of ice stagnation during the later 

stages of the formation of AU3.  

 

3.5.4 Allostratigraphic Unit 4: Fourteenth-century component assemblage 

Thick jökulhlaup deposits (Hólar and Eystrihólar; unit 11(J); Fig. 3.1) abut the 

AU3 end moraine and were deposited from a large-scale jökulhlaup in 1357 AD (Figs. 

3.2, 3.10D; Einarsson et al., 1980; Maizels 1989). Hólar and Eystrihólar are at least 10 m 

thick and 1 km wide, and form two distinct debris-apron components (Figs. 3.5, 3.6) that 

are now dissected by Jökulsá (Figs. 3.1; 3.10H). A large terraced outwash (kame?) fan 

surface is located on the east side of the ice margin adjacent to a (late fourteenth-

century?) end moraine remnant (Figs. 3.8A; 3.10D, E).  

Hólar and Eystrihólar were likely more extensive than at present, and are 

interpreted to have formed as a continuous large-scale debris apron in an ice-marginal 

depositional setting (reconstructed in Fig. 3.10D; Russell et al. 2010a) by jökulhlaup 

flows, which probably truncated and removed most of the AU3 moraine and early-

fourteenth century moraine (Fig. 3.10D). Subsequent ice-marginal retreat into the bedrock 

valley (at a topographically higher elevation than the sandur plain; Fig. 3.6A) likely 

resulted in downcutting of the glaciofluvial outwash system (Figs. 3.7D, 3.10D), forming 

the uppermost glaciofluvial terrace (unit 12; Figs. 3.1A, 3.2D).  

Reconstruction of the upper glaciofluvial terrace (Fig. 3.10D) suggests the main 

outwash drainage outlets were located at the lateral margins of Sólheimajökull. The 

orientation of channels and bars on the upper glaciofluvial terrace (see lower left corner 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

199 

 

of Fig. 3.3B) suggest meltwater flowed from the bedrock canyon on the west margin of 

Sólheimajökull and incised the early fourteenth-century moraine on the eastern margin 

(Fig. 3.10D). The terraced fan surface located at the eastern ice margin is interpreted to 

have developed as an ice-contact outwash fan (outwash surface component; Fig. 3.5) 

formed under non-flood conditions (possibly during an extended period of ice 

stagnation?) and is preserved between a moraine ridge and the colluvial slope (Fig. 

3.10E). Younger glaciofluvial systems likely truncated and removed part of this 

allostratigraphic component assemblage (Fig. 3.10E). 

3.5.5 Allostratigraphic Unit 5: Little Ice Age component assemblage 

An extensive till plain was deposited during the LIA (c. 1535 to 1920 AD; Fig. 3.10E; 

Mackintosh et al., 2002; Schomacker et al., 2012) and several prominent end moraines 

were formed during extended periods of ice-marginal stagnation (Fig. 3.1; Russell et al., 

2010a; Schomacker et al., 2012). The outer margins of the till plain end moraine closest 

to the western bedrock valley wall (Fig. 3.10E) are truncated by several channel features. 

The orientation of channels, bars, and terrace walls (Fig. 3.3B) are interpreted to record 

an outwash system that exited the ice margin from several outlets close to the western 

bedrock valley wall, and through the Hólsárgil valley on the east side of Jökulhaus from a 

smaller ice tongue (Fig. 3.10E; Crittenden, 1975). Historical eyewitness accounts suggest 

the deep bedrock gorge on the western bedrock slope actively drained meltwaters until at 

least 1930 AD (Friis, 2011), and the reconstructed position of the ice margin (in Fig. 

3.10E) allowed diversion of meltwater into the bedrock canyon and onto  
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Fig. 3.10 Evolution and allostratigraphy of the Sólheimajökull landsystem. Landsystem 

tract components are overlain on a hillshade of 2010 LiDAR data (2m x 2m; LiDAR 

courtesy of the University of Iceland). Timing and ages of allostratigraphic units and ice-

marginal extents are approximated based on data available from other studies. Faded 

colours indicate features located beyond the mapping boundaries of this study and 

interpreted extents of components prior to erosion (no vertical exaggeration; refer to Fig. 

3.3 for legend).  
A. Allostratigraphic Unit 1: Sandur sheets and fans assemblage composed of fan-shaped interbedded jökulhlaup 

and glaciofluvial sediments deposited 3100-7000 years BP during maximum extent of ice-margin. Meltwater and 

sediment are supplied to the sandur by the ice margin and bedrock canyons (e.g. Þurragil; after Maizels, 1989, 1991; 

Dugmore and Sugden, 1991; Dugmore et al., 2000). Data and illustration overlain on a 30 m resolution ASTER GDEM 

(ASTER GDEM is a product of METI and NASA; NASA 2013). B. Allostratigraphic Unit 2: Sandur terraces 

assemblage formed 2100-2300 years BP, composed of the Pumice and Palagonite Terraces (forming fans in the 

subsurface) and Husa fan deposited by jökulhlaups and minor glaciofluvial units that reworked terrace surfaces. 

Meltwater and sediment are delivered to the sandur by the ice margin and bedrock canyons (e.g. Þurragil; after Maizels, 

1989; Dugmore et al., 2000). Data and illustration overlain on a 30 m resolution ASTER GDEM (ASTER GDEM is a 

product of METI and NASA; NASA 2013). C. Allostratigraphic Unit 3: Skoga jökulhlaup assemblage formed 

1200-1550 years BP and composed of the Skoga pumice fan and gullies, Hófsá meander channel, Holsa fan, and 

washed Skogasandur surface. Jökulhlaups are mainly hosted in bedrock canyons (e.g. Þurragil and Holsa) and ‘normal’ 

meltwater flows are sourced from the ice margin (after Maizels, 1989, 1991; Dugmore et al., 2000).  Note change of 

scale. D. Allostratigraphic unit 4: Fourteenth-century component assemblage formed 1300-1400 AD 

(approximately 1357 AD or 593 years BP). This unit is composed of an early fourteenth-century terminal moraine, 

Hólar and Eystrihólar jökulhlaup deposits, the uppermost glaciofluvial terrace (that incises older sandar deposits), and 

an ice-proximal outwash fan. Outwash point sources include the bedrock canyons and the eastern ice margin (based on 

Crittenden, 1975; Einarsson et al., 1980; Maizels 1989; Friis, 2011; Schomacker et al., 2012). E. Allostratigraphic 

Unit 5: Little Ice Age component assemblage, formed 1750-1920 AD (ice marginal position at 1860-1890 AD shown 

here). This unit is composed of an extensive till plain and a glaciofluvial terrace that incises older deposits. Meltwater 

flowed from the western ice margin through a deeply cut bedrock canyon onto the upper glaciofluvial terrace, from the 

eastern ice margin through conduits incised through the till plain end moraine, and from the eastern ice margin through 

the Hólsárgil valley. Ice-dammed lakes in Jökulsárgil valley likely resulted in periodic flood events (after Maizels, 

1989, 1991; Friis, 2011; Schomacker et al., 2012). F. Allostratigraphic unit 6: 1920-1999 AD component 

assemblage. This unit includes post-LIA glaciofluvial terraces and till plain end moraines, and the jökulhlaup deposits 

formed during the 1999 AD jökulhlaup on 18 July. During the 1999 AD jökulhlaup, meltwater was dammed in the 

Jökulsárgil valley and catastrophically drained through a subglacial conduit, which eroded and steepened the terrace 

walls of the Jökulsá valley. Jökulhlaup meltwater also drained from the central part of the ice margin, and minor outlets 

were located on the eastern margin (including a moraine gully and channel that incised through the till plain into the 

Jökulsá valley (Russell et al., 2010a). Following the 1999 AD jökulhlaup, glaciofluvial systems reworked the margins 

of jökulhlaup deposits (after Russell et al., 2010a; Friis, 2011; Schomacker et al., 2012). G. Allostratigraphic unit 7: 

2000-2007 AD component assemblage. Ice retreat from the 1999 AD end moraine resulted in downcutting of the 

Jökulsá system through the 1999 AD jökulhlaup deposits and older glaciofluvial terraces. At the eastern ice margin, 

kame fans were deposited, and an ephemeral ice contact lake developed (Friis, 2011; Schomacker et al., 2012). H. 

Allostratigraphic unit 8: 2008- 2013 AD. This unit represents the most recent landsystem components delineated in 

this study. Retreat of the ice margin into an overdeepened basin resulted in the formation of an ice contact lake 

encircled with an extensive cover of ice-cored moraine. Ice retreat resulted in unblocking of the Jökulsárgil valley 

(which delivers meltwater and sediment to the lake) and further incision of Jökulsá (which occupies a singly main 

channel in the ice-proximal area; data collected during fieldwork in May 2012, 2013 and August 2013). 
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the upper glaciofluvial terrace. Ice-marginal retreat and smaller-scale jökulhlaups and 

flood events (Fig. 3.2; Maizels, 1989) likely resulted in the incision of the upper 

glaciofluvial terrace (Fig. 3.10E; Marren and Toomath, 2013). 

 

3.5.6 Allostratigraphic Unit 6: 1920-1999 AD component assemblage 

Sólheimajökull underwent punctuated retreat following the LIA (Fig. 3.1; Schomacker et 

al., 2012) which resulted in downcutting of the glaciofluvial system through the till plain 

on the west side of Jökulsá, and the formation of several glaciofluvial terraces behind the 

LIA moraines (Figs. 3.1, 3.3, 3.7, 3.10F). During the 1999 AD jökulhlaup, an ice-

dammed lake formed in the Jökulsárgil valley and catastrophically drained into the 

Jökulsá valley. As a result, a large boulder fan (debris apron component; Figs. 3.5, 3.6) 

was deposited on an old vegetated glaciofluvial surface at the ice margin (Fig. 3.10F), and 

peak flows eroded and widened the Jökulsá valley in the ice-proximal area (Russell et al., 

2010a). A narrow gully was incised into the moraine, which diverted flow into the 

Jökulsá valley and formed a fan terrace component (Figs. 3.5, 3.6; 10F). Jökulhlaup flow 

was generally restricted to the pre-existing Jökulsá valley, although a minor flood route 

on the east side of Jökulsá incised a broad channel between the 1905 AD and 1995 AD 

end moraines (Fig. 3.1), which funneled floodwaters into Jökulsá (Russell et al., 2010; 

Schomacker et al. 2012). Large channelized boulder terraces (Figs. 3.5, 3.6) formed in the 

Jökulsá valley in areas of flow expansion and coarse sediment deposition (Fig. 3.10F; 

Russell et al., 2010a). Post-jökulhlaup reworking by glaciofluvial processes resulted in 

erosion of the ice-marginal debris apron and downcutting of main outwash channels. 
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Only minor geomorphic changes are recorded in the ice-distal areas (Russell et al., 

2010a).  

   

3.5.7 Allostratigraphic Unit 7: 2000-2007 AD component assemblage 

The Sólheimajökull ice margin rapidly retreated following the 1999 AD jökulhlaup event 

(Fig. 3.1) resulting in the incision of AU6 and the formation of several small glaciofluvial 

terraces in the ice-proximal area (Fig. 3.10G). An ice-proximal outwash fan surface and 

ephemeral lake (‘ice contact outwash surface’ component; Fig. 3.5) were formed on the 

eastern ice margin (Fig. 3.10G), which overlie drumlins and the 1945 AD ice margin 

position (Figs. 3.1, 3.8). Annual push moraines are located on the outwash surface, 

although their long-term preservation is low (Fig. 3.8). Narrowing of the active Jökulsá 

valley since AU4 is evident in the ice-proximal area (Fig. 3.10G), but major geomorphic 

changes are not recorded in the ice-distal area.  

 

3.5.8 Allostratigraphic Unit 8: 2008-2013 AD component assemblage 

The ice-marginal area of the present-day (current as of 2013 AD) landsystem has changed 

significantly since AU7 (Fig. 3.10H). The most striking difference is the formation of a 

large ice-contact lake into which Jökulsárgil flows and from which Jökulsá receives 

meltwater (Fig. 3.10H). The glacier snout of Sólheimajökull is retreating into an 

overdeepened bedrock low at least 2.5 km long (up-valley) and nearly 100 m deep 

(Mackintosh et al., 1999), which allows accumulation of meltwater in the basin. The lake 

is encircled with, and contains, ice-cored moraine and small remnants of the 1999 AD 
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jökulhlaup esker (Figs. 3.8, 3.10H). Several small step-wise glaciofluvial terraces were 

formed at the ice margin as ice retreated from the 2007 AD position (Fig 3.7A). The 

Jökulsá has incised the AU7 ice-marginal glaciofluvial terraces (Fig. 3.10G) and flow is 

confined to a single main channel that receives meltwater from smaller streams in the ice-

distal area (Fig. 3.10H). Colluvial debris covers the lateral ice margins of Sólheimajökull 

and contains alluvial gullies that funnel meltwater and stormwater towards the ice margin 

and into the lake (Fig. 3.9). Annual push moraines are common on colluvial slopes but 

they have a low preservation potential and are easily reworked by alluvial and 

glaciofluvial processes. 

 

3.6. DISCUSSION 

 

3.6.1 Architectural-landsystem models 

The integrated architectural-landsystem approach utilized in this study helped to 

deconstruct the Sólheimajökull glacial landsystem into its basic architectural components, 

which facilitated paleoenvironmental reconstruction and provided insight into the 

allostratigraphic packages formed during the evolution of the landsystem (Fig. 3.10). The 

results of this study serve as the basis for three conceptual architectural-landsystem 

models for the ice-marginal, ice-proximal, and ice-distal areas (Fig. 3.11) of a temperate, 

non-surging, bedrock valley glacial landsystem in which jökulhlaups significantly 

contribute to its development (Fig. 3.10).  
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3.6.1.1 Ice-marginal architecture 

The architecture of ice-marginal environments shows the greatest heterogeneity of surface 

features and landsystem tract components in the glacial landsystem (Figs. 3.5, 3.11A). 

Landsystem tracts have complex spatial relationships, and commonly crosscut and 

interfinger (Fig. 3.11A). The glaciofluvial landsystem tract incises, truncates, and 

removes other tracts; however, incision by the glaciofluvial landsystem tract is not as 

pronounced in ice-marginal environments as in other areas of the landsystem (Fig. 

3.11B,C). Glaciofluvial terrace walls are commonly orientated parallel to the ice margin 

and converge in a bottleneck-type geometry away from the ice margin into a single main 

channel (Figs. 3.7H, 3.10, 3.11A). Bounding surfaces delineating a single surface feature 

or component commonly transition between fourth- and sixth-order (Fig. 3.11Aiii). 

Several bounding surfaces are orientated parallel to the ice margin (Fig. 3.11Aiii), 

indicating a strong ice-marginal influence on the overall architecture of the system. 

Preservation of ice-contact deposits is highest on topographically elevated areas near the 

bedrock valley walls and lowest closer to the central valley where glaciofluvial erosion is 

most active (Fig. 3.11Ai).  

3.6.1.2 Ice-proximal architecture 

The architecture of ice-proximal environments is less heterogeneous than in ice-marginal 

environments, but glaciofluvial incision is more pronounced (Fig. 3.11B). In this setting, 

the glaciofluvial system incises and removes the previously deposited till plain and 

truncates older glaciofluvial deposits. Jökulhlaup deposits also truncate glaciofluvial and 

ice contact deposits and are preserved on upper terraces (associated with valley erosion 
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Fig. 3.11 Conceptual architectural models of the A. ice-marginal, B. ice-proximal, and D. 

ice-distal areas of the landsystem based on data in this study, showing idealized (i) 

landsystem components, (ii) bounding surfaces, and (iii) a bounding surface model. The 

general location of each model is indicated by corresponding letters in the block diagram 

(D). 
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and widening). Fewer incisions may be recorded in this depositional setting than in the 

ice-marginal area, but glaciofluvial terraces will likely be larger (in thickness and spatial 

extent) and have a higher preservation potential with continued ice-marginal retreat, 

glaciofluvial downcutting, and confinement of the active outwash stream to a single main 

channel. Bounding surfaces delineating the glaciofluvial landsystem tract components are 

commonly orientated parallel (or quasi-parallel) to the Jökulsá valley walls and 

perpendicular to the orientation of the ice margin (Fig. 3.11Biii).  

 

3.6.1.3 Ice-distal architecture 

The architecture of ice-distal environments is the least heterogeneous of all, composed 

primarily of jökulhlaup landsystem tract deposits characterized by sheet- and fan-

geometries and including minor deposits of the glaciofluvial landsystem tract (Fig. 

3.11C). The most recent jökulhlaup deposits form terrace features that reflect the 

geometry of fan lobes deposited by unconfined flows on the sandur plain, and reworked 

by glaciofluvial erosion. Ice-marginal retreat results in downcutting of the active 

glaciofluvial system (at least 30 m of relief at Sólheimajökull), confining younger 

glaciofluvial (and flood) deposits to a steep-walled valley train. Bounding surfaces of 

older jökulhlaup deposits form stacked sheets; surfaces delineating younger glaciofluvial 

deposits are orientated perpendicular to these older jökulhlaup surfaces (Fig. 3.11Ciii).  
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3.6.2 Modern analogue applications 

The architectural models described above (Fig. 3.11) provide a framework that can be 

applied to the analysis of Quaternary subsurface deposits in previously glaciated terrains 

in North America and Europe using sedimentary data from outcrop exposures, fully cored 

boreholes, and geophysical methods. Sixth-order bounding surfaces (Fig. 3.4) delineate 

landsystem tracts (depositional environments), which can be deconstructed into their 

basic building blocks (landsystem tract components) delineated by fifth-order bounding 

surfaces (Figs. 3.4-3.9). Landsystem tract components provide insight into the evolution 

of a landsystem and are useful for delineating the landsystem architecture on scales of 

hundreds of metres to kilometres (Figs. 3.10, 3.11). The position and spatial arrangement 

of landsystem tract components (fifth-order surfaces) changes over time in response to 

allogenic controls (such as the position of the ice margin, change in meltwater discharge, 

and volcanism). Understanding the nature (e.g. magnitude, source location, and 

recurrence interval) of these external controls can provide insight into the evolution of the 

system architecture and can aid in predictive mapping of landsystem components in areas 

with a paucity or absence of subsurface data. The component-scale unit characterized in 

this study (Fig. 3.5) is similar to the ‘element association’ delineated from vertical 

outcrop exposures by Slomka and Eyles (2013), the larger-scale till packages identified 

by Boyce and Eyles (2000), and the jökulhlaup packages delineated by Duller et al. 

(2008) and Marren et al. (2009). Surface features (or ‘architectural elements’ in outcrop; 

Miall, 1985) delineated by fourth-order surfaces (Figs. 3.4, 3.5) are mapped within 

components and allow detailed characterization of the internal architecture and 
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heterogeneity of a unit at site-specific, high-resolution scales of study (metres to tens of 

metres).  

In the Quaternary sedimentary record of North America, evidence of jökulhlaups from 

the Laurentide Ice Sheet may not be present, due to the absence of volcanic zones and 

strong geothermal centres associated with the generation of high magnitude hlaups and 

extensive sandur plains (Maizels, 1997; Marren et al., 2009; Björnsson, 2002). However, 

floods generated from rapid drainage of ice-dammed lakes may have occurred and could 

be recorded as irregularly-shaped, spatially-limited fans or aprons of oversized clasts 

(usually boulders) and kettle scours (‘debris apron components’; Fig. 3.5; Roberts et al., 

2003; Russell et al., 2010a,b). Many such events may not have been discriminated in the 

Quaternary record to date due to a lack of definitive identification criteria.  

The ice-contact landsystem tract has low preservation potential in the Jökulsá valley 

(Fig. 3.8), probably as a result of the fine-grained nature of tills and the erosive power of 

glaciofluvial and jökulhlaup systems. The oldest moraines (4500-7000 BP) of the 

Sólheimajökull landsystem are preserved as lateral moraines at high elevations on 

bedrock slopes and the maximum extent of the glacier snout can only be estimated from 

the shape of the lateral moraines (Dugmore and Sugden, 1991). The low preservation 

potential of the ice contact landsystem tract may result in underestimation of maximum 

ice extent and hinder delineation of former ice margin positions. In comparison, the 

Quaternary record of ice-contact deposits from the Laurentide Ice Sheet in North America 

is rich (Colgan et al., 2005) and contains thick successions of tills (e.g. Karrow, 1974; 

Richmond and Fullerton, 1986); however, in many places, these till units are truncated 
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and completely removed by glaciofluvial systems, making reconstruction of the 

depositional history, correlation of units, and characterization of aquifers and aquitards 

difficult (Shaver and Pusc, 1992; Gates et al., 2013).  

The results of this study demonstrate that the location of the meltwater outlet into the 

glaciofluvial landsystem tract is a significant allogenic control on the proglacial 

landsystem architecture (Figs. 3.7H, 3.11). The point source location of water input to the 

proglacial area may be bedrock canyons, alluvial gullies, glacier margins, subglacial 

conduits, supraglacial streams, or an ice-contact lake (Fig. 3.10). The location and type of 

point source has a strong control on the orientation of glaciofluvial surface features 

(channels and bars) and larger-scale terraces (landsystem tract components; Fig. 3.7). 

Understanding the location and evolution of meltwater point sources may facilitate 

reconstruction of the geometry of glaciofluvial units, provide insight to former ice margin 

positions, and aid in prediction of the preservation of components of the ice contact 

landsystem tract (e.g. till units). 

 

3.7. CONCLUSIONS 

Architectural-landsystem analysis is utilized here to characterize and delineate the 

sedimentary architecture of the Sólheimajökull (southern Iceland) landsystem at various 

scales of resolution. A bounding surface framework organizes the multi-scale 

architecture, whereby the landsystem is deconstructed into landsystem tracts (delineated 

by sixth-order surfaces) that record depositional environments, landsystem tract 

components (delineated by fifth-order surfaces), and surface features (delineated by 
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fourth-order bounding surfaces). Landsystem tract components facilitate 

paleoenvironmental reconstruction and the characterization of eight allostratigraphic 

units, which record the evolution of the Sólheimajökull landsystem. However, the results 

presented in this study are not a complete record of the geomorphology of the landsystem, 

and further investigation of sediments and landforms (e.g. lateral moraines on bedrock 

slopes, aeolian dunes, Jökulsá estuary, and tephra layers) would greatly help to refine the 

detailed architecture and depositional history of the Sólheimajökull landsystem. 

Integration of subsurface data (e.g. from outcrop, boreholes, and geophyscial data; 

Hansen et al., 2009), dating of surface and subsurface deposits (e.g. using 

tephrachronology or lichenometry; Dugmore and Sugden, 1991), and computer-based 

modeling of units and surfaces may also help to refine the complex spatial relationships 

and geometries of landsystem tracts and components, and provide further insight to the 

subsurface correlation of fifth-order bounding surfaces (delineating allostratigraphic 

units) and 3-dimensional subsurface architecture of the Sólheimajökull landsystem. 

Future work documenting the sedimentary architecture at the ice margin would provide 

insight to the preservation of surface features and landsystem tracts, and landsystem 

evolution, as a result of ice marginal retreat. 

The approach utilized in this study can significantly enhance the development of 

an allostratigraphy and landsystem-based reconstruction of depositional histories in 

Quaternary-age and older subsurface glacial successions. This will enhance understanding 

of the connectivity, incision, lateral extent, and heterogeneity of glacial deposits at 

various scales of resolution, and may facilitate three-dimensional mapping and prediction 
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of these units in the subsurface. The results of this study validate the applicability of 

architectural element analysis (AEA) for the delineation of stratigraphic architecture at a 

modern ice margin, and can be utilized as a guide for integrated architectural-landsystems 

analysis of glacial landscapes at modern ice margins elsewhere and in formerly glaciated 

areas in North America and Europe.  
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Abstract  

The late Quaternary depositional history of southern Ontario is preserved in subsurface 

glacial units with complex stratigraphic relationships. Coarse-grained outwash units 

commonly host prospective aquifers, and their internal heterogeneity, geometry, and 

spatial relationship to fine-grained units (e.g. tills) which form confining layers, are 

important to understand for aquifer characterization and source water protection.  In order 

to better characterize these relationships, this study applies concepts of architectural 

element analysis (a framework of bounding surface and unit hierarchies) to the 

delineation of subsurface sedimentary architecture from twenty-four fully cored boreholes 

drilled in the Georgetown area of southern Ontario. Thirteen facies types are 

characterized, including sand, gravel, diamict, and fine-grained (silt, clay, and very fine-

grained sand) facies, separated by four orders of facies contacts (fourth- to seventh-order 

bounding surfaces). The grouping of facies associations (fourth-order) with characteristic 

vertical facies successions allowed the identification of ‘architectural components’ (fifth-

order) which compose the internal architecture of larger-scale mappable units 

(architectural units; AUs; sixth-order). Eleven AUs were delineated in this study, and 

include: weathered bedrock and regolith (AU1), sandy glaciofluvial (AU2), till complexes 

(AU3, AU6), gravelly glaciofluvial (AU4, AU8), glaciolacustrine, glaciofluvial, and 

deltaic units (AU5, AU7), shale-rich diamict and gravels (AU9), colluvial-alluvial 

(AU10), and fluvial to slackwater deposits (AU11). Coarse-grained AUs (e.g. AU2, AU4, 

AU8) are prospective aquifers and laterally persistent fine-grained (glaciolacustrine) units 

may form significant barriers to groundwater flow. The spatial relationship of AUs 
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allowed the identification of at least six glaciofluvial/fluvial incision events within the 

complex stratigraphy, which in places, completely removed older till units and form 

geologic and hydraulic connections between otherwise disconnected units. The methods 

utilized in this study can be applied to architectural analysis of subsurface glacial 

stratigraphies in other regions of southern Ontario and elsewhere.  

 

4.1 INTRODUCTION 

The Quaternary geologic record of southern Ontario contains sedimentological evidence 

of significant changes in climate, including two glacial periods (Illinoian and Wisconsin 

Stages; 190 and 115 ka cal yrs BP; Barnett, 1992) during which the Laurentide Ice Sheet 

(LIS) deposited a thick succession of glacial sediments across much of northern North 

America (Barnet, 1992), an interglacial period (Sangamonian Stage; c. 115-135 ka cal. 

yrs BP; Barnett, 1992) recorded by fossils and organic-rich sediment indicating a climate 

warmer than present (Mott and Matthews, 1990), and the Holocene (c. 10 ka cal. yrs BP 

to present; Barnett, 1992) which experienced deglaciation and climatic warming, recorded 

by pollen assemblages (Terasmae, 1980). Paleoenvironmental changes as a result of 

climatic fluctuations are recorded in a complex assemblage of glacial (till and outwash) 

and non-glacial (mainly lacustrine and paleosol) deposits (Barnett, 1992). The most 

complete record of Quaternary glaciation in southern Ontario was deposited during the 

Wisconsin (c. 10-115 ka cal. yrs BP; Willman and Frye, 1970; Barnett, 1992), during 

which time the ice margin of the LIS experienced several periods of advance and retreat, 
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resulting in complex glacial stratigraphies (Fig. 4.1; Karrow, 1974; Sharpe et al., 2004; 

Meyer and Eyles, 2007).  

 Within these complex Quaternary stratigraphies, coarse-grained outwash deposits 

commonly host significant regional aquifers, which serve as potable water sources for 

many communities across southern Ontario (e.g. sediments of the Oak Ridges Moraine; 

Sharpe et al., 2003, 2004). Source water protection and groundwater supply investigations 

in Ontario and North America require mapping of the geometry of such coarse-grained 

sedimentary units, in order to understand the interconnectivity of aquifers and associated 

aquitards, delineate contaminant migration pathways within these units, and to help 

determine the long term sustainability of aquifers for municipal water supplies (Gerber et 

al., 2001; Sharpe et al., 1996, 2002). The internal lithological heterogeneity of coarse-

grained outwash sediment commonly varies over small lateral (typically 10s to 100s of 

metres) and vertical (sub-metre) scales (e.g. Miall, 1977; Maizels, 1993; Aitken, 1998; 

Heinz et al., 2003; Slomka and Eyles, 2013). This spatial complexity makes subsurface 

mapping of the detailed geometry and internal heterogeneity of glacial outwash 

stratigraphies difficult, particularly in areas that lack exposed outcrop sections or closely 

spaced (within 10s of m) fully-cored boreholes (Miall, 2014). Previous studies of regional 

aquifers and aquitards in southern Ontario have relied on the Ontario Water Well 

Information System (WWIS) database for spatially extensive subsurface data coverage 

(e.g. Logan et al., 2001; Sharpe et al., 2003; Russell et al., 2004). However, well records 

in the WWIS are often insufficient for detailed delineation of the subsurface sedimentary 

architecture, paleoenvironmental analysis, and reconstruction of the depositional history 
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of thick Quaternary stratigraphies. This is because WWIS record descriptors are intended 

for hydrogeological purposes and commonly lack detailed sedimentological data such as 

sedimentary structure and the nature of contacts (bounding discontinuities) between 

sedimentary packages (Russell et al., 1998). 

This study investigates the subsurface glacial sedimentary architecture of the 

Georgetown area (Halton Hills, Ontario; Fig. 4.1) through detailed analysis of fully cored 

boreholes, drilled in an area with a paucity of exposed outcrop and where three-

dimensional geophysical data, such as seismic, are not available. Georgetown is 

dependent on groundwater as a potable water source, and ongoing groundwater 

investigations and source water protection projects are conducted in the Georgetown area 

under Ontario’s Places to Grow and Clean Water Acts (Government of Ontario, 2005, 

2006; Halton Region, 2013). Georgetown contains three main well fields (Lindsay Court, 

Princess Anne, and Cedarvale; Fig. 4.2) located within environmentally significant areas, 

and which extract groundwater hosted in coarse-grained units in buried bedrock valleys 

(Credit Valley Conservation, 2001, 2009; Halton Region, 2013); however, the detailed 

heterogeneity and interconnectivity of the sediments composing the aquifers, and their 

connectivity to shallow subsurface sediments is poorly understood. The local-scale 

connectivity of subsurface units is important to determine for land-use planning, aquifer 

sustainability, and source water protection issues, specifically in areas identified for 

future development (Town of Halton Hills, 2013).  

The purpose of this study is to understand the detailed sedimentary heterogeneity 

and (geological) interconnectivity of subsurface sedimentary units in the Georgetown area 
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by applying the basic concepts of architectural element analysis (Miall, 1985). The main 

objectives of this study are to: 1) characterize genetically-related facies types and 

delineate architectural units within the Quaternary subsurface stratigraphy; 2) deconstruct 

architectural units into their component building blocks, which constitute the sedimentary 

architecture; and 3) utilize the detailed sedimentary architecture as a basis for 

paleoenvironmental analysis and reconstruction of the depositional history of the study 

area. This study provides a new approach for the analysis of core data and subsurface 

mapping of glacial units based on a nested architectural framework and hierarchies of 

architectural element analysis. The results of this study provide an architectural 

framework for the subsurface glacial units in the study area, and offer insight into their 

local-scale heterogeneity and interconnectivity, which may be applied to future 

hydrogeological investigations in the Georgetown area. The methods utilized in this study 

can be applied to the delineation of subsurface sedimentary architectures of glaciated 

regions in other parts of southern Ontario and North America, and elsewhere. 

4.1.1 Architectural Element Analysis 

This study utilizes basic principles of architectural element analysis (AEA; Miall 1985), 

including the bounding surface hierarchy and scalar relationship of nested packages of 

genetically-related facies, to facilitate delineation of the Quaternary subsurface 

sedimentary architecture of the Georgetown area. AEA is a methodology introduced by 

Allen (1983) and Miall (1985, 1988) for the analysis of fluvial architecture recorded from 

exposed outcrop sediments. AEA enhances the facies model by including a geometric 

component to the description of facies associations (Walker, 1992), and facilitates 
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systematic characterization of the heterogeneity of a sedimentary succession from local 

(facies) to regional (basin-fill) scales (Miall, 2010). The vertical succession and spatial 

arrangement of genetically-related facies and the nature of facies contacts are 

fundamental to the delineation of the bounding surface hierarchy of AEA (Miall, 1988).  

The bounding surface hierarchy is not reliant on determination of relative base level 

change (e.g. sequence stratigraphy; Vail et al., 1977; Brookfield and Martini, 1999; 

Catuneanu et al., 2009; Miall, 2014) and does not require identification of 

chronostratigraphic units (e.g. allostratigraphy; Bhattacharya and Posamentier, 1994; 

NACSN, 2005; SEPM, 2014); making AEA suitable for the analysis of complex glacial 

successions in non-marine depositional settings. Furthermore, the geometric component 

of AEA facilitates translation of geologic data to a format useful for hydrogeologic 

investigations (e.g. Davis et al., 1993; Klingbeil et al., 1999). AEA has been applied to 

the study of sediments exposed in outcrop (e.g. Miall, 1994; Eriksson et al., 1995; 

Hjellbakk et al., 1997; Hornung and Aigner, 1999; Ghazi and Mountney, 2009; Marren et 

al., 2009; Yuvaraj, 2011; Slomka and Eyles, 2013) and only recently has AEA been 

applied to subsurface core data (supported by outcrop sections and geophysical data; e.g. 

Boyce and Eyles, 2000).  

 

4.2 GEOLOGICAL SETTING AND HISTORY 

The study area is located in Georgetown, in the town of Halton Hills (Regional 

Municipality of Halton), which is 40 km west of Toronto (Fig. 4.1A). Paleozoic bedrock 

underlies much of southern Ontario and is well exposed along the Niagara Escarpment 
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(Fig. 4.1C). The Escarpment is composed of Silurian sandstone and dolostone (Whirpool 

and Manitoulin Formations) overlain by caprock carbonates (Amabel Formation) that dip 

to the southwest (Johnson et al., 1992), and forms a partly buried slope that runs north-

south through the study area (Fig. 4.1B). Georgetown is located at the base of the 

Escarpment and is underlain by Ordovician shale (Queenston Formation; Brogly et al., 

1998; Johnson et al., 1992), the surface of which is dissected by several bedrock valleys 

carved by Tertiary and Quaternary fluvial and glacial processes (Straw, 1968; Karrow, 

2005; Gao, 2006; 2011; Figs. 1B, D); however the interconnectedness and continuity of 

bedrock valleys are not well understood (Figs. 1B, D; Eyles et al., 1993; Karrow, 2005; 

Meyer and Eyles, 2007). At least three main bedrock valleys underlie Georgetown, 

including: 1) the Georgetown-Acton bedrock valley, which trends west-east from the top 

of the Niagara Escarpment, through the Acton re-entrant, and toward the Princess Anne 

area; 2) the Georgetown-Huttonville bedrock valley that trends east-west through the 

Cedarvale area towards the confluence of Silver Creek and the Credit River; and a third 

valley that appears to trend north-south along the base of the Niagara Escarpment from 

north of the study area (Fig. 4.1D). The Georgetown-Acton and Georgetown-Huttonville 

valleys have previously been interpreted to form a continuous bedrock valley that trends 

toward Lake Ontario (Fig. 4.1C; Gao, 2011); however, the three main bedrock valleys 

(described above) appear to have irregular valley bases, poorly defined thalwegs and 

margins (possibly ‘terraced’ valley margins in places, e.g. the north part of the Credit 

River), and several crude tributary bedrock valleys (Fig. 4.1D), making delineation of 

bedrock valley continuity in the study area uncertain. 
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Fig. 4.1 Study area (Georgetown) in southern Ontario. A. Quaternary surficial geology 

map of southern Ontario, including the Halton, Wentworth, and Newmarket Tills, and 

major geomorphic surface features, including the Oak Ridges Moraine and Paris-Galt 

Moraines (PGM; data from OGS, 2010). Georgetown study area marked with red box. B. 

Quaternary surficial geology of the study area and bedrock-related surface features 

including the Terra Cotta outlier, Acton re-entrant, and Niagara Escarpment (green 

hatched line; data from OGS, 2010). Refer to A for surficial geology legend, and Fig. 4.2 

for names of boreholes utilized in this study (red circles). Locations of boreholes of 

Meyer and Eyles (2007) are represented by yellow squares. C. Digital elevation model 

(DEM) showing major bedrock features of southern Ontario, including the Niagara 

Escarpment and Laurentian Channel, and the location of bedrock valleys (1: Erigan 

valley; 2: Dundas Valley; 3: minor re-entrant; 4: Campbelville re-entrant; 5: Georgetown 

valley; 6: Caledon East valley; 7: minor valley; 8: minor valley in Toronto; 9: valley near 

Orangeville; 10-12: re-entrant valleys; 13: Beaver valley; 14: Meaford valley; 15: Mount 

Forest valley; 16: Milverton valley; modified from Gao et al., 2006; Gao, 2011). Study 

area marked with red box. D. Bedrock DEM of the study area with major bedrock valleys, 

including the Georgetown-Acton valley and Georgetown-Huttonville valley. Borehole 

locations utilized in this study are indicated with red circles, and boreholes of Meyer and 

Eyles (2007) are represented by yellow squares. Refer to Fig. 4.2 for borehole names 

(data from Gao et al., 2006). 
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The study area is located on the western margin of the Ontario basin below the Niagara 

Escarpment, which essentially separates the Erie and Ontario basins (Figs. 4.1, 4.3), and 

facilitated drainage of meltwater through outwash channels from the Ontario to 

Erie basins (Fig. 4.3; Barnett, 1992; Gao, 2011). Hence, understanding of the Quaternary 

geologic history of both the Erie and Ontario basins is important for reconstruction of the 

depositional history and paleoenvironmental evolution of the Georgetown area. The 

early- to mid-Wisconsin stratigraphy of the region is composed of fluvial, 

glaciolacustrine, and glaciodeltaic sediments equivalent to the Sunnybrook Formation and 

Thorncliffe Formation (a regional aquifer) exposed along the Scarborough Bluffs in 

Toronto (Fig. 4.3; Eyles and Eyles, 1983; Karrow et al., 2001). At the beginning of the 

Late Wisconsin (c. 20C ka yrs BP; Barnett, 1992), the LIS advanced into southern 

Ontario from the north and deposited the Catfish Creek Drift, which is well exposed 

along the north shoreline of Lake Erie (Fig. 4.2; Dreimanis and Gibbard, 2005). During a 

major southward ice advance (c. 14.8C ka yrs BP; Port Bruce Stadial), the LIS deposited 

the Port Stanley Drift in the Erie Basin and the Newmarket (or Northern) till in the 

Ontario basin (Figs. 4.3A, B; Barnett, 1992). The Newmarket Till forms a regional leaky 

aquitard in southern Ontario (Gerber et al., 2001). Subsequent retreat of the LIS resulted 

in the formation of lobate ice masses that were strongly controlled by the orientation of 

the lake basins and exposed an area of land called ‘Ontario Island’ (Fig. 4.3B; Barnett, 

1992).  

During the early Mackinaw Interstadial (c. 13.4C ka yrs BP), the Wentworth Till 

was deposited above (to the west of) the Escarpment, and the Paris and Galt Moraines 
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formed at the ice margin (Figs. 4.3A, C; Barnett, 1992). Further retreat of the ice margin 

is recorded by glaciolacustrine sediment (paleo- or early Peel Ponds?; Barnett, 1992) and 

coarse-grained sediment, deposited in an interlobate zone as the Oak Ridges Moraine 

(ORM) began to form between the separating Ontario and Simcoe lobes (Fig. 4.3; 

Chapman and Putnam, 1984; Paterson and Cheel, 1997). During ice retreat into the 

Ontario basin, outwash channels flowed from the ORM and drained through re-entrant 

valleys cut into the Escarpment, and supplied meltwater and sediment to glacial Lake 

Whittlesey in the Erie basin (Fig. 4.3C; Barnett, 1992). The ORM provides a major 

aquifer recharge zone in southern Ontario (Figs. 4.1, 4.3; Sharpe et al., 2003). 

 During the Port Huron Stadial (c. 12-13C ka yrs BP; Barnett, 1992), the southern 

margin of the LIS underwent a short-lived re-advance as lobate ice masses which 

preferentially flowed along the Great Lakes basins, resulting in the formation of 

ephemeral proglacial lakes (e.g. glacial Lake Schomberg and late Peel Ponds; Barnett, 

1992) ponded between the ice margin, the Niagara Escarpment, and the margins of the 

ORM (Fig. 4.3D; Costello and Walker, 1972; Sharpe et al. 2004). The lobate ice masses 

of the LIS also deposited localized till sheets and overrode the margins of the ORM, 

depositing the Halton Till (Figs. 1A,B, 3; Sharpe et al., 2004). The Halton Till extends 

from the northern shore of Lake Ontario to the southern flank of the ORM, and to the 

base of the Niagara Escarpment (Fig. 4.1A; Karrow, 2005; Barnett, 1992). The final 

stages of ice retreat from southern Ontario were accompanied by fluctuating lake levels in 

the Great Lakes basins (Fig. 4.3A), deposition of fine- and coarse-grained outwash 

sediment, and incision of older glacial stratigraphies by meltwater channels (Barnett,  
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Fig. 4.2 A. Location of boreholes utilized in this study represented by red circles and 

labeled with the abbreviated borehole name (see B for full borehole names and location 

coordinates). Boreholes of Meyer and Eyles (2007) are indicated by yellow squares. 

Transects at each study site are labeled (A-A’, B-B’, C-C’, D-D’) with a dashed line, and 

the location of municipal wells are indicated by stars. B. Borehole names and location 

coordinates, including borehole abbreviations used in A.  
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Fig. 4.3 Late Quaternary history of the study area. A. Time-distance diagram showing the 

relative position of the ice margin in the Erie and Ontario basins, including glacial lakes, 

moraines, and stratigraphic units that formed during the Middle and Late Wisconsin. B. 

Conceptual diagram illustrating the position of ice lobes of the Laurentide Ice Sheet (LIS; 

and an ice-free land mass called the ‘Ontario Island’) in southern Ontario during the Port 

Bruce Stadial. Star indicates location of Georgetown study area. Black arrows indicate 

margins of the ice sheet. C. Conceptual diagram of the southern margin of the LIS in 

southern Ontario during the Mackinaw Interstadial, including the Paris-Galt Moraines, 

Oak Ridges Moraine, and Peel Ponds in the Erie basin, glacial Lake Whittlesey in the 

Erie basin, and major meltwater outlets (wavy arrows). D. The southern margin of the 

LIS during ice margin advance in the Port Huron Stadial, which deposited Halton Till and 

ponded water between the ice margin and Niagara Escarpment (Peel Ponds; modified 

from Barnett, 1992; Meyer and Eyles, 2007; Slomka and Eyles, 2013). 
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1992). The subsurface stratigraphy preserved in the study area contains a sedimentary 

record of many of these Late Wisconsin events (Karrow, 2005; Meyer and Eyles, 2007). 

 

4.3 METHODOLOGY 

The Georgetown area is divided into four sub-sites utilized in this study, including 

Middle Sixteen Mile Creek (MSMC; A-A’), Cedarvale Valley (B’B’), Princess Anne (C-

C’), and Limehouse-Lindsay Court (D-D’); the latter three sub-sites host producing 

municipal well fields (Fig. 4.2; Regional Municipality of Halton, 2011). These sub-sites 

were selected for study based on the availability of 24 fully-cored boreholes, which were 

drilled as part of an ongoing groundwater exploration program conducted by the Regional 

Municipality of Halton and allowed detailed analysis of subsurface sediments (Fig. 4.2). 

The boreholes were continuously cored in 1.5 m run intervals using the PQ coring 

technique (9 cm diameter core samples) and one borehole (MW25_09) was cored using a 

sonic drilling method. The core was logged in detail, recording grain size, sedimentary 

structure, clast characteristics (e.g. rounding, maximum diameter and lithology), facies 

types, and the nature of facies contacts (e.g. erosional, irregular, conformable; Figs. 4.4- 

4.10).  

Thirteen facies types are identified in this study (Figs. 4.4, 4.5) and include: fine-

grained facies (laminated, Fl; massive, Fm; deformed, Fd), sand facies (horizontally 

bedded and laminated, Sh, Sl; rippled, Sr; cross-bedded, Sc, including trough-cross 

bedded, St, and planar cross-bedded, Sp; deformed, Sd; and massive, Sm), gravel facies 

(massive, Gm; and bedded, including planar cross-bedded, Gp, horizontally bedded, Gh, 
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and trough cross-bedded, Gt), and diamict facies (clast-supported and massive, Dcm; and 

matrix-supported and massive Dmm). Facies codes are followed by a lowercase letter in 

parantheses to indicate sand-rich (-s), clay-and silt-rich (-c), gravelly (-g), open-work (-o), 

or deformed (-d) sediments (Fig. 4.4, 4.7- 4.10). These facies codes will be referred to 

throughout this paper. 

Analysis of the vertical succession of facies types and the nature of facies contacts  

in the core (Figs. 4.3- 4.6) allowed the delineation of a hierarchy of facies contacts 

(bounding surfaces) that are numerically ordered from fifth- to seventh-order (Fig. 4.6; 

Miall, 1988) based on the degree of change in facies on either side of the bounding 

surface, the nature of the bounding surface (e.g. erosional, conformable, U-shaped, 

planar), and the scale of the bounding surface (i.e. the lateral extent of correlation of the 

bounding surface between boreholes; Figs. 4.7- 4.10). Fourth-order surfaces delineate 

facies associations with a characteristic geometry (architectural elements) and reflect 

autogenic processes within a depositional system (Fig. 4.6; Miall, 2010). Fifth-order 

surfaces record major changes within a depositional environment (such as channel and 

fan lobe avulsion or periods of ice stagnation and increased meltwater production) as a 

result of allogenic and major autogenic controls. A sixth-order surface records allogenic 

controls on a depositional system and demarcates the base of a depositional environment. 

Seventh-order surfaces record major environmental changes within a basin complex, such 

as the unconformity separating the Paleozoic bedrock and unlithified Quaternary glacial 

sediments in Ontario (Fig. 4.6; Boyce and Eyles, 2000; Miall, 2010).  
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Fig. 4.4 Description and interpretation of facies types identified in this study. Refer to 

Fig. 4.5 for photos of each facies type. 
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Fig. 4.5 Photos of facies recovered in fully-cored boreholes. Facies codes refer to fine-

grained facies (laminated, Fl; massive, Fm; deformed, Fd; gravelly, -g), sand facies 

(horizontally bedded and laminated, Sh, Sl; rippled, Sr; cross bedded, Sc, including 

trough cross-bedded, St; deformed, Sd; and massive, Sm), gravel facies made of granule- 

to boulder-sized sediment (massive and sandy, Gm(s); massive and open-work, Gm(o); 

cross-bedded including planar, Gp, and trough, Gt; and horizontally bedded and stratified, 

Gh), and diamict facies, including clast-supported massive diamicts (Dcm) and matrix-

supported massive diamicts (Dmm; including sand-rich (-s) and clay-rich (-c)). Refer to 

Fig. 4.4 for facies descriptions and interpretations. 
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Fig. 4.6 Bounding surface and unit hierarchies utilized in this study, including the lateral 

and vertical scales of units and surfaces delineated in this study and their environmental 

controls.  
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4.4 SUBSURFACE SEDIMENTARY ARCHITECTURE    

Grouping of genetically-related facies types that occur in vertical succession in the 

cored boreholes allowed the delineation of eleven architectural units (AU1-11) which are 

bounded by sixth-order surfaces (Figs. 4.6, 4.11). Architectural units characterized and 

interpreted in this study include: weathered bedrock and regolith (AU1); sandy 

glaciofluvial (AU2); a multi-storey till complex (AU3), gravelly glaciofluvial (AU4), 

glaciolacustrine and deltaic (delta front and prodelta?; AU5), a tripartite till complex 

(AU6), sandy glaciofluvial and deltaic (delta front and delta plain?; AU7), coarsening-

upward gravelly glaciofluvial (AU8), shale-rich gravel and diamict (AU9), colluvial-

alluvial complex (Escarpment slope; AU10), and fluvial to slackwater (standing water; 

AU11; Figs. 4.11, 4.12). The term ‘lithostratigraphic unit’ is not used here because units 

in this study are not delineated on the basis of individual facies characteristics alone but 

according to their internal facies associations, the vertical lithofacies succession (e.g. 

fining-upward, no grading, chaotic), external geometry, stratigraphic position and 

elevation, and the spatial arrangement of bounding surfaces (Walker, 1992). AUs were 

correlated between boreholes (Figs. 4.7- 4.10) based on their facies composition, internal 

and external geometry, the nature of bounding surfaces, and by applying relative dating 

based on their stratigraphic position and by utilizing till sheets as regionally-extensive 

‘marker beds’. A mappable till unit that is regionally extensive (e.g. Newmarket Till) but 

is not present in a borehole is interpreted to have been truncated and removed by erosion. 

The geometry of depositional environments in modern glacial landsystems (e.g. Evans, 
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2005) is utilized to inform the correlation and predicted geometry of subsurface units 

(Fig. 4.6) between boreholes.  

Analysis of the vertical stacking of facies within each AU (in a single borehole 

and between boreholes) allowed the grouping of packages of genetically-related facies 

that make up the large-scale architecture of units; these are herein named ‘architectural 

components’ and delineated by fifth-order bounding surfaces (Fig. 4.6). Architectural 

components are similar in scale to large channels and delta lobes of Miall (1992) and 

‘element associations’ of Slomka and Eyles (2013). Components are characterized based 

on their characteristic vertical succession of facies types (e.g. fining- or coarsening-

upward, interbedded and non-graded, heterogeneous or chaotic, tripartite complex, multi-

storey), external geometry (e.g. channelized or concave-up, tabular sheet, wedge, 

irregular), and the nature of facies contacts (fifth-order surfaces are commonly erosional 

and can be correlated between boreholes; Figs. 4.7- 4.10) 

Within each component, small-scale packages of genetically-related facies 

(recorded in vertical succession) are delineated by fourth-order surfaces and interpreted to 

record sedimentary packages at the scale of the architectural element (e.g. bars and small-

scale channels in a fluvial system; Fig. 4.6; Miall, 1985; Walker, 1992); however, fourth-

order surfaces are difficult to correlate laterally between boreholes, which is likely 

because the scale of the elements is smaller than the lateral distance between boreholes. 

As a result, the geometry of the elements is inferred based on their genetic interpretation 

and utilization of facies models, and illustrated in Fig. 4.12. This results in anisotropic 

spatial resolution of sedimentary heterogeneity, whereby delineation of the vertical 
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sedimentary heterogeneity is higher-resolution than the lateral spatial heterogeneity of 

subsurface units; which is an inherent limitation of one-dimensional data, such as that 

from boreholes, for three-dimensional geologic investigations (Bridge and Tye, 2000; 

Miall, 2014). Lower order surfaces (first- to third-order; Fig. 4.9) are difficult to identify, 

characterize, and correlate laterally between boreholes; therefore these lower order 

surfaces are not included in this study. 

 Architectural units are described below in order of their stratigraphic position, 

from oldest to youngest; however, architectural components within different AUs may be 

time-equivalent. The stratigraphic order of AUs is largely inferred from relative dating in 

the absence of absolute dating control. 

4.4.1 Architectural Unit 1 (AU1): weathered bedrock and regolith 

AU1 is composed of diamict facies with a breccia-like appearance, and forms an 

undulating, sheet-like geometry (commonly 0.5 to 9 m thick; and 17 m thick on the 

Escarpment slope at MW25_09; Fig. 4.10) that generally parallels the bedrock 

topography. AU1 is bounded by a seventh-order lower bounding surface (resting directly 

on fractured shale bedrock, which contains evidence of permineralization in fractures), 

and a sharp and undulating sixth-order upper bounding surface (Figs. 4.7- 4.10). AU1 

consists of a single architectural component that is composed of three architectural 

elements (separated by fourth-order surfaces) made of clast-supported (Dcm), matrix-

supported (Dmm), and sand-rich diamict facies (Figs. 4.4, 4.5, 4.12). The diamict has a 

distinct reddish colour and gravel clasts are commonly very angular and of similar 

lithology to the bedrock (Queenston Formation shale; Fig. 4.5).  
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Fig. 4.7 Sedimentary logs recorded at the MSMC site (A-A’) including facies types and 

major bounding surfaces. Colours represent architectural units (AUs), which include 

weathered bedrock and regolith (AU1), sandy glaciofluvial (AU2), till complexes (AU3, 

AU6), gravelly glaciofluvial (AU4, AU8), glaciolacustrine, glaciofluvial, and deltaic units 

(AU5, AU7), shale-rich diamict and gravels (AU9), colluvial-alluvial (AU10), and fluvial 

to slackwater (AU11). Refer to Fig. 4.2 for transect and borehole locations and Fig. 4.4 

for facies codes, descriptions, and interpretations. 
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Fig. 4.8 Sedimentary logs recorded in the Cedarvale valley (B-B’) including facies types 

and major bounding surfaces. Refer to Fig. 4.2 for transect and borehole locations, Fig. 

4.4 for facies codes, descriptions, and interpretations, and Fig. 4.7 for colour codes. 
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Fig. 4.9 Sedimentary logs recorded in the Princess Anne site (C-C’) including facies 

types and major bounding surfaces. Refer to Fig. 4.2 for borehole locations, Fig. 4.4 for 

facies codes, descriptions, and interpretations, and Fig. 4.7 for colour codes. 
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Fig. 4.10 Sedimentary logs recorded in the Limehouse-Lindsay Court site (D-D’) 

including facies types and major bounding surfaces. Refer to Fig. 4.2 for borehole 

locations, Fig. 4.4 for facies codes, descriptions, and interpretations, and Fig. 4.7 for 

colour codes. 
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Fig. 4.11 Summary and interpretation of architectural units (AUs) identified in this study. 

AUs include weathered bedrock and regolith (AU1), sandy glaciofluvial (AU2), till 

complexes (AU3, AU6), gravelly glaciofluvial (AU4, AU8), glaciolacustrine, 

glaciofluvial, and deltaic units (AU5, AU7), shale-rich diamict and gravels (AU9), 

colluvial-alluvial (AU10), and fluvial to slackwater (AU11). Refer to Fig. 4.4 for facies 

codes, descriptions, and interpretations and Figs. 7-10 for AUs delineated in sedimentary 

logs.  
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The lowermost architectural element of AU1 is composed of clast-supported 

diamict facies (Dcm) containing boulders (>9 cm diameter) separated by thin beds of red 

and blue silty clay; Dcm facies are thickest on topographically higher locations on the 

bedrock surface (Fig. 4.7). The middle architectural element is mainly composed of Dmm 

facies (Figs. 4.4, 4.12), and directly overlies the lower architectural element (Dcm; 

commonly separated by a sharp facies contact). Dmm facies also occur in thin layers in 

bedrock fractures at depth (e.g. MW4_09; Figs. 4.2, 4.7). The upper architectural element 

is made of sand-rich diamict that is weakly consolidated and contains pebble to boulder 

sized clasts; Figs. 4.7- 4.10). Blue-coloured silt clasts and yellow sand clasts are common 

in the diamict matrix material of the upper element, and clasts are more rounded than the 

other elements. This element is thickest in topographically lower areas on the surface of 

the underlying elements (Fig. 4.7). Commonly, an oversized boulder (>9 cm diameter) is 

located at the top of AU1 (MW18_09, 17_09, 8_09; Fig. 4.7) and rare rounded to 

subrounded gravel clasts of dolomitic, quartzite and serpentine-rich lithologies are present 

in the upper element of AU1 (MW9_09; Fig. 4.7).  

Interpretation 

AU1 is interpreted to record accumulation of poorly sorted materials on the fractured and 

weathered bedrock surface, characteristic of a modern day ‘badland-type’ landscape. It is 

unlikely that sediments of AU1 have a direct glacial origin due to the paucity of far-

travelled lithologies (e.g. granite and gneiss), the absence of bullet-shaped and striated 

clasts and a strong clast fabric, and the absence of evidence of secondary structures 

related to glaciotectonic deformation (Evans et al., 2006).  
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The diamicts of AU1 contain abundant angular and breccia-like shale clasts 

derived from the Queenston Formation and blanket the underlying bedrock, suggesting 

that they were primarily derived from the bedrock and probably formed in-situ, with 

limited reworking on low gradient slopes (Mottershead, 1971; Nadal-Romaro et al., 

2007). The carbonaceous clay-rich composition of the Queenston Formation shale 

(Brogly et al., 1998) makes it highly susceptible to erosion by freeze-thaw, desiccation 

and swelling, surface runoff, fluvial reworking, and chemical erosion by dissolution 

(Nadal-Romaro et al., 2007).  

Modern badlands contain a cover of weathered rock called regolith that undergoes 

spatiotemporal evolution as a result of bedrock lithology and various external climatic 

and slope processes (Nadal-Romaro et al., 2007). The diamict facies of AU1 are 

interpreted to record different stages of regolith development due to in-situ mechanical 

and chemical weathering of the bedrock (Nadal-Romaro et al., 2007). The lower diamict 

architectural element (Dcm facies) is interpreted to record early-stage development of 

regolith, whereby freeze-thaw processes opened fractures, making the exposed shale 

susceptible to chemical weathering. The middle architectural element (Dmm facies; Fig. 

4.12) is interpreted to record a ‘mature’ regolith formed by mechanical and chemical 

weathering of shale clasts. The sand-rich and clast-supported diamict of the uppermost 

architectural element of AU1 (with rounded and far-travelled gravel clasts) is interpreted 

to record fluvial reworking of the regolith and incorporation of sand facies and other 

lithologies by ephemeral gully streams, similar to depositional processes operating in 

modern badland areas such as on the surface of the Queenston Formation exposed at 
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Cheltenham, Ontario (15 km north of the study area; Kasanin-Grubin, 2013), the Red 

Deer badlands (Alberta; Bryan and Campbell, 1980), and badlands in southeast Spain 

(e.g. Calvo-Cases and Harvey, 1996).  

 

4.4.2 Architectural Unit 2 (AU2): sandy glaciofluvial 

AU2 directly overlies AU1 and is separated from it by a sharp, erosional sixth-order 

bounding surface (Figs. 4.7- 4.9, 4.13). AU2 has an undulating and patchy sheet-like 

geometry (3 to 18 m thick), and is dominated by sand facies, but also contains fine-

grained (silty sand and clay) and rare gravel facies (Fig. 4.7- 4.9). AU2 is absent where it 

is truncated by AU3 (interpreted here as till; Fig. 4.11) and stratigraphically younger 

glaciofluvial units in the northern part of the study area (Cedarvale and Limehouse-

Lindsay Court; B-B’ and D’D’; Fig. 4.2), and is commonly preserved as isolated 

remnants in bedrock valleys and topographically low areas on the bedrock surface (Figs. 

4.7- 4.9). 

 The internal architecture of AU2 consists of two architectural components (fifth-

order surfaces; Fig. 4.12) including a lowermost fining-upwards unit (AU2a) overlain by 

a coarsening-upwards unit (AU2b; Fig. 4.12). AU2a and AU2b consist of architectural 

elements (fourth-order surfaces) that have fining-upwards (and rare coarsening-upwards) 

facies successions superimposed on the component-scale facies succession (the average 

grain size within individual elements generally becomes finer-grained upwards in AU2a 

and coarser-grained upwards in AU2b; Figs. 4.7- 4.9, 4.12); however correlation of 
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architectural elements between boreholes, and their lateral continuity and geometry, is 

uncertain.  

AU2a has a sheet-like geometry with an undulating, sharp, and erosional lower 

bounding surface and a planar upper surface (Figs. 4.7- 4.9). It commonly contains Sd 

and Sc (very coarse- to medium-grained sands) at the base and fines-upwards to Fl and Fd 

(silt- to very fine-grained sand) and Sd, Sm, Sr, Sh, Sl (fine- to medium-grained sand; 

Figs. 4.4, 4.7- 4.9). AU2a is thickest in topographic lows on the surface of AU1 (e.g. 

MW9_09, 20_06, 26_09; Figs. 4.7- 4.9) and thinnest where it is truncated by the 

overlying unit AU3 (e.g. MW8_09; Fig. 4.7). AU2a is directly overlain by AU2b (except 

in MW8_09 and 26_09), which are separated by a planar to angular, sharp or erosional 

bounding surface (Figs. 4.7, 4.8). Facies composing AU2b coarsen upwards from fine-

grained Fl, Sr, Fm, and Fd facies (silty very fine- to fine-grained sand) to Sl, Sh, and Sd 

(medium- to coarse-grained sands; MW18_09; Fig. 4.7); and from Sd and Sr (medium- to 

coarse-grained sand) and Sm(g) to Gm(s) facies (medium- to coarse-grained sand, and 

pebble-sized and rounded gravels; MW17_09, 9_09; Figs. 4.4, 4.7).  

Interpretation 

AU2 is interpreted to record deposition in a sandy glaciofluvial environment, 

similar to the modern South Saskatchewan River (Miall, 1977; Cant and Walker, 1978), 

that likely formed a braid plain occupying topographically low areas on the surface of 

AU1 and on bedrock (Meyer and Eyles, 2007). Fining- and coarsening-upwards 

architectural elements within AU2 (Fig. 4.12) are interpreted to record scour and fill of 

small-scale braid channels, with migrating bars and slackwater (standing water or water 
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in which current flow is negligible) deposits (Cant, 1977; Skelly et al., 2003). The 

deformed nature of sand and fine-grained facies in AU2 may record saturated conditions 

and water escape, which likely formed as a result of sediment loading or subaqueous 

failure of channel margins (Martin and Turner, 1998).   

 The base of AU2a is interpreted to record scouring and reworking of the upper 

surface of AU1 by an early channel system that occupied bedrock valleys, and 

subsequently deposited coarse-grained sand and gravel facies. The fining-upward facies 

succession of AU2a is interpreted to record a decreased supply of coarse-grained 

sediment (and lower discharge rates?), likely as a result of a more distal sediment and 

water source (e.g. retreating ice margin) or lateral migration and abandonment of parts of 

the fluvial system (Costello and Walker, 1972; Cant, 1977). The planar erosional lower 

bounding surface of AU2b suggests widespread reworking and reactivation of the upper 

surface of AU2a. The coarsening-upwards succession of AU2b suggests increasing 

supply of coarse-grained sand and gravel and higher discharge rates (related to an 

advancing ice margin?; Costello and Walker, 1972; Miall, 1977).  

 

4.4.3 Architectural Unit 3 (AU3): multi-storey till complex 

Architectural unit 3 directly overlies AU2 in the MSMC site (A-A’; Fig. 4.2), and is not 

recorded at the other sites (Figs. 4.2, 4.7- 4.10). AU3 consists of an assemblage of matrix-

supported diamicts interbedded with sand, gravel, and fine-grained facies (Fig. 4.7). AU3 

is 10-18 m thick and is demarcated by sixth-order lower and upper bounding surfaces 
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which have irregular and undulating geometries (Figs. 4.7, 4.12). The internal architecture 

of AU3 is composed of five different architectural components (AU3a-e; Figs. 4.7, 4.12). 

AU3a is located at the base of AU3 and contains poorly consolidated Dmm(s) and 

rare Gm(s) and Sd facies, and outsized boulders (>9 cm diameter) are common at or near 

the base of the unit (Figs. 4.4, 4.5, 4.7). It has an irregular sheet-like geometry (0.5-5 m 

thick), and erosional, sharp to irregular upper (fifth-order) and lower (sixth-order) 

bounding surfaces (Fig. 4.7). This component directly overlies sand and gravel facies of 

AU2, and is overlain by diamict facies of AU3b and AU3c (Fig. 4.7). 

AU3b directly overlies AU3a, separated by a sharp, erosional and planar fifth-

order bounding surface. AU3b consists primarily of consolidated Dmm(c) interbedded 

with sands and a thick (2 m) unit of fine-grained facies (composed of a fining-upward 

succession of Fl and Fd of silt to silty clay; Figs. 4.4, 4.7) at the base of MW17_09 (in a 

topographically low area on the surface of AU3a; Fig. 4.7). AU3b has a wedge-shaped 2-

dimensional geometry that pinches out toward the northwest (e.g toward MW18_09; Fig. 

4.7).  

AU3c overlies both AU3a and AU3b, and consists of a complex assemblage of 

consolidated Dmm(s) interbedded with Dcm, thick (approx. 1 m) gravels, and rare thin 

beds of fine- to medium-grained sands and silty sands (Fl, Fd, Sd, Sm; Figs. 4.4, 4.5, 4.7). 

Facies contacts within AU3c are commonly angular (apparently tilted in core) and 

erosional. AU3c is bounded by fifth-order surfaces that generally parallel the undulating 

topography of underlying AU3a,b (Fig. 4.7). 
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AU3d directly overlies AU3c and is composed of consolidated Dmm(c) with 

interbeds of Fl, Fm, and Fd (silt and clay) and rare Dmm(s) facies (Figs. 4.4, 4.5, 4.7). 

Outsized boulders (>9 cm diameter) are commonly recorded throughout the body of the 

unit (Fig. 4.7). AU3d has a tabular 2-dimensional geometry and maintains an approximate 

thickness of 4 m (except in MW18_09 where it is approx. 7 m; Fig. 4.7). 

AU3e is delineated in a single borehole (MW9_09; Fig. 4.7) and consists of 

poorly consolidated (loose and not compacted) Dmm(s) interbedded with clay-rich 

diamict and sandy gravel facies. AU3e has a lensoid 2-dimensional geometry with a 

concave-down upper surface and planar lower surface (Fig. 4.7). Facies contacts within 

AU3e are commonly erosional and angular (dipping in a similar direction in core; 

although accurate dip azimuths cannot be determined). Outsized boulders (>9 cm 

diameter) are common throughout this unit (Fig. 4.7). 

Interpretation 

AU3 is interpreted to record deposition of a till sheet when ice covered the study 

area (Meyer and Eyles, 2007). The sand-rich diamict of AU3a is interpreted to record 

incorporation and mixing of underlying pre-existing sandy sediment into the basal debris 

zone of an overriding glacier, and may record a glaciotectonized zone (Boulton, 1996; 

Boyce and Eyles, 2000; Evans et al., 2006; Meriano and Eyles, 2009). AU3b-e are 

interpreted to record deposition of a subglacial traction till complex that was likely 

deposited by a continuum of subglacial processes such as deformation and lodgement, 

settling of fine-grained sediment from suspension (Fl, Fd, Fm) under subglacial lacustrine 

conditions, and deposition of bedload (sands and gravels) in subglacial fluvial 
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environments and rafting of coarse-grained substrate material (Evans et al., 2006; 

Meriano and Eyles, 2009; Kessler et al., 2012). The interbedded poorly consolidated 

(loose) Dmm(s) and Gm(s) facies, and consolidated (compacted) diamict facies and large 

boulders (Figs. 4.4, 4.7) within AU3e may record ice stagnation and disintegration, which 

would allow deposition of supraglacial and englacial debris released from the glacier 

snout (possibly by backwasting or meltout?; Eyles, 1979, Krüger and Kjær, 2000; Kjær 

and Krüger, 2001), and minor ice margin fluctuations over these sediments would likely 

deposit interbeds of subglacial traction till (Evans et al., 2006).  

 

4.4.4 Architectural Unit 4 (AU4): gravelly glaciofluvial  

AU4 is delineated in the MSMC (A-A’), Princess Anne (C-C’), and Limehouse-

Lindsay Court (D-D’) sites, where it commonly overlies topographic lows on the bedrock 

surface (Figs. 4.1D, 4.2, 4.7, 4.8). AU4 is primarily composed of gravels (Gm) with 

minor sands (Sm, Sl, St, Sc) and fine-grained facies (silt and clay; Fm, Fd; Figs. 4.4, 4.7, 

4.8, 4.10). It is 10-15 m thick, and is delineated by a concave-up sixth-order lower 

bounding surface and a planar upper bounding surface (Figs. 4.7, 4.8, 4.10). In places, the 

internal architecture of AU4 consists of fining-upward facies packages (architectural 

elements) including boulders and cobbles at the base to sand and sand-rich gravel facies, 

and coarsening-upwards packages comprising sand with cobbles and pebbles at the base 

to cobble and boulder-rich gravels at the top (Figs. 4.7, 4.8, 4.10). AU4 contains 

relatively thin beds (commonly <1 m thick) of clast-supported gravels that appear to have 

regular bedding intervals (see the lower part of MW 38_09 and MW4_11, Figs. 4.8, 
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4.10), rare sandy interbeds, and rare outsized boulders. Gravels located at approximately 

232 m a.s.l. (MW4_09, 26_09, 4_11; Figs. 4.7, 4.9) are commonly cemented with 

calcrete. The coarse-grained nature of AU4 and poor recovery of core in places make 

delineation of components and fifth-order surfaces difficult; however, it is likely that the 

fining-upwards and coarsening-upwards packages within AU4 may be separated by a 

fifth-order surface. This unit almost always rests directly on bedrock or AU1 and has a 

broad, concave-up geometry (Fig. 4.13).  

Interpretation 

AU4 is interpreted to record glaciofluvial processes that incised, and in places 

completely removed, AU1-3 and deposited coarse-grained sand and gravel facies. The 

stratigraphic position of AU4 directly above (and apparently truncating) till of AU3 (Figs. 

4.7, 4.13) suggests sands and gravels of AU4 were deposited during ice retreat from the 

study area, likely in an outwash valley train. The thickness of AU4, its external geometry, 

and paucity of major internal erosional surfaces (that can be readily identified in core and 

correlated between boreholes) suggest gravels were deposited in an outwash system that 

probably experienced net aggradation (Maizels, 1979).  However, degradation may be 

recorded in MW4_09 and 37_09 where gravels appear to be truncated (Figs. 4.7, 4.9). 

The internal architecture of AU4 (i.e. components made of coarsening- and fining-upward 

sand and gravels) is interpreted to record deposition of bars and bedforms at the base of 

channels (Fig. 4.12; Miall, 1977). The relatively thin beds (commonly <1 m thick) of 

clast-supported gravel facies, sandy interbeds, and rare outsized boulders suggests flows 

were commonly of low magnitude (i.e. not dominated by jökulhlaups; Marren et al., 
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2009) and gravel beds were deposited as bedload pulses by migrating bedforms 

(Ashmore, 1991). Floods were likely of relatively low magnitude and probably occurred 

frequently (depositing boulder beds) during ice marginal retreat; the highest magnitude 

floods likely deposited beds containing outsized boulders (MW4_09, 38_09; Figs. 4.7, 

4.10; Maizels, 1997; Marren, 2005). 

 

4.4.5 Architectural Unit 5 (AU5): glaciolacustrine and deltaic 

This unit is recorded in the MSMC (A-A’; Fig. 4.7) and Princess Anne (C-C’; Fig. 4.9) 

sites, and directly overlies diamict of AU1, till of AU3, and gravel facies of AU4 (Figs. 

4.7, 4.9). AU5 consists primarily of packages of fine-grained (clay, silt and very-fine 

grained sand), sand, and pebbly silty clay facies (Figs. 4.5, 4.7, 4.9), and has a laterally 

extensive sheet-like geometry (5-30 m thick) that appears to drape and infill topographic 

lows on the underlying substrate (Figs. 4.3, 4.5, 4.11- 4.12). AU5 has an irregular lower 

bounding surface that conformably overlies AU3 and AU4, and a gently sloping upper 

bounding surface (Figs. 4.7, 4.9). The internal architecture of AU5 consists of at least 

three architectural components (fifth-order surfaces) including two fining-upward facies 

packages (AU5a, AU5c) and an interbedded fine-grained sheet (AU5b; Figs. 4.7, 4.9, 

4.12), which are discussed below. 

 AU5a consists of a fining-upward succession of Fl and Fd (silty clay and very 

fine-grained sand with rare gravel clasts) to Fl, Fm, and Fd (silt and clay; Fig. 4.9). This 

component has sharp and planar bounding surfaces (fifth- and sixth-order) and is recorded 

in one borehole (MW37_09) where it directly overlies an apparent topographic low on the 
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surface of AU4 (Fig. 4.9). AU5b is composed of interbedded packages of Sr, Sd, and Sm 

facies, Fm and Fl (silt and clays with rare gravel clasts), and rare Dmm(s) facies (Figs. 

4.4, 4.7, 4.9, 4.12). Sand beds in AU5b commonly have loaded contacts with each other, 

and sharp and erosional bases where they overlie fine-grained facies (silts and clays; Figs. 

4.7, 4.9). AU5b thickens from approximately <1-5 m in the southwest (A-A’; Figs. 4.2, 

4.7) to 30 m in the northeast (C-C’; Figs. 4.2, 4.9). AU5c is composed of a fining-upward 

succession of Sr and Sd (fine- to medium- grained sand) at the base to Fm, Fd, and Fl 

(made of silts, clays, and very-grained grained sand; Figs. 4.4, 4.7). The lower bounding 

surface of AU5c is erosional, and truncates and completely removes AU5b at MW8_09 

(Fig. 4.7).  

Interpretation 

AU5 is interpreted to record deposition within a glaciolacustrine and deltaic depositional 

environment (Eyles and Eyles, 1983; Eyles and Clark, 1988). The lowermost component 

(AU5a) is interpreted to record deposition of silts and clays at the bottom of a glacial 

lake, and rare gravel clasts within deformed fine-grained facies are interpreted to record 

rainout of debris from floating ice or run out clasts deposited by mass flows on the lake 

margins (Eyles and Eyles, 1992). AU5b (interbedded sand and fine-grained facies) is 

interpreted to record a delta front facies succession (Eyles and Clark, 1988), and its 

stratigraphic position (above AU5a) suggests progradation of the delta over deeper-water 

deposits of AU5b. The fining-upward succession of AU5c is interpreted to record a 

decrease in sandy bedload and deposition of muds (silt and clay) by settling from 

suspension under ‘quiescent’ depositional conditions. The erosional lower bounding 
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surface and fining-upward facies succession of AU5c may record (relatively short-lived?) 

fluctuating water levels (i.e. truncation of the underlying delta front facies of AU5b 

during a period of lowered water levels, and subsequent ponding or backfilling of the 

delta plain during higher lake levels). Short-term fluctuations in water levels are common 

in glaciolacustrine settings, and result from the opening and closing of meltwater outlets, 

seasonal meltwater fluctuations, and the position of the ice margin (Gustavson and 

Boothroyd, 1987; Matthews et al, 2000; Blass et al., 2003).  

 

4.4.6 Architectural Unit 6 (AU6): tripartite till complex 

AU6 directly overlies AU5 and is demarcated by a planar erosional sixth-order lower 

bounding surface. The upper surface of AU6 is the ground surface, and is not therefore 

designated with a hierarchical order. AU6 is delineated only in the south part of the study 

area (MSMC; A-A’; Figs. 4.2, 4.7) and has a sheet-like geometry. It consists of three 

components that are made of diamict facies (AU6a), sand and gravel facies (AU6b), and 

interbedded diamict and sand facies (AU6c; Figs. 4.7, 4.12). Although markedly different 

facies associations make up AU6b (compared to AU6a,c), it is always delineated in a 

stratigraphic position between AU6a,c, and which together form a distinct architecture 

that can be mapped across part of the study area (MSMC; Meyer and Eyles, 2007).  

AU6a forms a sheet of consolidated Dmm(c) facies and has an erosional lower 

bounding surface that is commonly overlain by Fd facies (silty clays; Fig. 4.7). AU6a 

contains rare, thin (<1 m) interbeds of Dmm(s) facies (MW17_09) and rare boulders in 

the body of the unit (Fig. 4.7). This component is 4 m thick, except where it is truncated 
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by AU6b and a fifth-order bounding surface (MW18_09; Fig. 4.7). AU6b is 3-4 m thick 

and consists primarily of sand facies (including Sr, Sd, Sm, Sl, Sh, St; Figs. 4.4, 4.7) and 

minor amounts of Fl and Fd (silt, clay and very fine-grained sand), and Gm(s) facies 

(Figs. 4.4, 4.7). AU6c is the uppermost component of AU6 and directly overlies AU6b, 

separated from it by an erosional planar surface (Figs. 4.7, 4.12). AU6c contains 

interbedded diamicts and sands (Sd, Sl), and minor fine-grained facies (made of silty 

clays). Sand and fine-grained facies commonly contain erosional and sharp bases where 

they overlie diamict facies (Fig. 4.7). Diamict facies in AU6c are consolidated to weakly 

consolidated (‘loose’), and in places contain outsized boulders (>9 cm diameter; Fig. 4.7).  

Interpretation 

AU6 is interpreted as a till-outwash complex that records ice marginal fluctuations in the 

study area (Meyer and Eyles, 2007). AU6a is interpreted to record the initial phase of ice 

advance, which resulted in truncation and incorporation of fine-grained facies of AU5 and 

deposition of clay-rich subglacial traction till (Dmm(c); Figs. 4.4, 4.7). The till likely 

formed through a continuum of subglacial processes; however, lodgement appears to be 

the main subglacial process that deposited AU6a based on its consolidated nature, the 

presence of boulders, and paucity of deformed coarse-grained interbeds, although 

subglacial deformation certainly contributed to the formation of the diamict (Evans et al., 

2006). AU6b forms a sand sheet that contains well preserved sedimentary structures 

indicative of traction currents (dunes and ripples) and deposition of suspended load, and 

is interpreted to have formed in a glaciofluvial depositional environment (Miall, 1977), 

likely during a minor period of ice marginal retreat from the MSMC area (based on its 
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stratigraphic position between AU6a,c). It is unlikely that this component was deposited 

in a subglacial depositional setting due to the paucity of diamict facies, absence of 

outsized clasts, well-sorted nature of sand and fine-grained facies and preserved primary 

sedimentary structures, and the overall geometry of the unit (which is relatively thick and 

laterally extensive; Figs. 4.7; 4.12; Meyer and Eyles, 2007). AU6c contains a mélange of 

clay- and sand-rich diamict, sands, and fine-grained facies (Figs. 4.4, 4.7), and is 

interpreted to record a minor readvance of the ice margin. The consolidated diamict facies 

containing boulders at the base of AU6c, and its lower erosional surface (Fig. 4.7), may 

record advance of the ice margin and truncation of AU6b, and the mélange of diamicts, 

sands, and muds at the top of AU6c may record deposition in ice marginal channels or 

debris flows and backwasting of hummocky moraine debris during ice disintegration 

(Kjær and Krüger, 2001). 

 

4.4.7 Architectural Unit 7 (AU7): sandy (glacio)fluvial to deltaic 

AU7 is delineated in the northern part of the study area (B-B’ and C-C’; Figs. 4.2, 4.8, 

4.9) and consists of a thick (14-40 m) succession of sands (fine- to coarse-grained sand 

which is commonly trough cross-bedded), fine-grained facies (made of silty sand to very 

fine-grained sand), and very rare gravel facies (Figs. 4.8, 4.9). The lower bounding 

surface of AU7 is highly undulating and may be erosional or conformable with 

underlying units (Figs. 4.8, 4.9, 4.12); AU7 is truncated by overlying units (AUs 8, 9) and 

modern streams (Silver Creek; Figs. 4.2, 4.13). AU7 consists of three components 
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composed primarily of Sd and Sr facies (AU7a), Fd facies (made of clayey silt and very 

fine-grained sand; AU7b), and St and Sr facies (AU7c; Figs. 4.8, 4.9, 4.12).  

AU7a is delineated in the Cedarvale area (B-B’; Figs. 4.2, 4.8), and consists of a 

fining-upwards succession of Sd, Sl, and rare St (fine-grained sands) and rare Fd (silty 

sands) that commonly form normally-graded beds (Fig. 4.8). Facies contacts are loaded, 

irregular, and erosional. AU7b is delineated in one borehole (MW25_07; Fig. 4.8) and 

consists primarily of a crude coarsening-upward succession of interbedded Fd and Sd 

(made of silty clays and very fine-grained sand with rare pebbles) and Sd facies with 

loaded or erosional facies contacts (Fig. 4.8). Flame structures, contorted bedding, and 

convolute lamination are common deformation structures in AU7a and AU7b.  

AU7c is the coarsest-grained component of AU7 and is delineated in the Princess 

Anne area (C-C’; Figs. 4.2, 4.9). It consists of different architectural elements that have 

coarsening and fining-upward facies successions of Sc, Sd, and Sr and rare Fm and Fd 

(made of silt and clay) and sand-rich gravel facies (Figs. 4.4, 4.9). Climbing ripples (often 

orientated in alternating directions; e.g. MW2_11; Fig. 4.9) and trough cross-bedding are 

common primary sedimentary structures in AU7c (Fig. 4.9). Facies contacts in AU7c are 

erosional, irregular or loaded, and gradational (indistinct). AU7c has a concave-up lower 

bounding surface and rests directly on gravels of AU4 and fine-grained facies of AU5 

(separated by a fifth-order surface); however, its lateral spatial relationship with 

sediments of AU5 and AU7a,b, is uncertain. AU7c is inferred to either overlie or grade 

into AU7a,b based on the nature of facies contacts and their stratigraphic position 

(elevation; Fig. 4.13).  
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Interpretation 

AU7 is interpreted to record deposition in a sandy braided river to deltaic depositional 

environment (Miall, 1977; Bhattacharya and Walker, 1992). AU7a and AU7b 

components are interpreted to record subaqueous deposition of sand and fine-grained 

facies in a delta plain to delta front depositional setting (Eyles and Clark, 1988; Olariu 

and Bhattacharya, 2006). Secondary sedimentary structures (e.g. flames, convolute 

lamination, contorted bedding), loaded facies contacts, and unit thickness recorded in 

AU7a and AU7b suggest a large sediment supply (and high sedimentation rate?) which 

allowed a thick accumulation of sand and fine-grained facies. Erosional facies contacts at 

the base of sand beds suggest reactivation or incision of distributary channels during a 

pulse of bedload transport (Olariu and Bhattacharya, 2006). AU7c is interpreted to record 

transport and deposition of sands by traction currents in the form of migrating and 

superimposed bedforms (dunes and ripples; Reesink and Bridge, 2007), likely in a 

braided river depositional environment (delta plain?; Miall, 1977; McPherson et al., 1987; 

Hjellbakk et al., 1999). Alternating ripple foreset direction is interpreted to record 

changing paleocurrent direction, likely as a result of autogenic processes involved in 

channel and bedform migration (Miall, 1994). The paucity of till immediately above or 

below AU7 in the northern part of the study area makes relative dating of this unit 

difficult. 
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4.4.8 Architectural Unit 8 (AU8): gravelly glaciofluvial (coarsening-upward) 

AU8 is delineated at the MSMC (A-A’), Princess Anne (C-C’), and Limehouse-Lindsay 

Court (D-D’) sites (Figs. 4.2, 4.7, 4.9, 4.10) and comprises the ‘upper gravels’ of the 

study area (AU4 composes the ‘lower gravels’). AU8 is 3-12 m thick and consists of a 

coarsening-upward succession of open-work and sand-rich gravel facies and minor Sc, Sr, 

Sm, and Sd facies (made of very fine-grained to pebbly coarse-gained sand; Figs. 4.7, 4.8, 

4.10). The average grain size of AU8 appears to fine from the west (Limehouse-Lindsay 

Court; D-D’) to the east of the study area (MSMC; A-A’; Figs. 4.7, 4.9, 4.10). The lower 

bounding surface of AU8 is planar and apparently concave-up where it incises underlying 

(older) units (AUs 4-7; Figs. 4.7, 4.9, 4.10). Its upper bounding surface is planar and AU8 

is truncated in places by AU9 and AU10 (Figs. 4.9, 4.10). Gravels of AU8 are commonly 

cemented with calcrete at 270 m a.s.l. (MW5_11; Fig. 4.10) and 242 m a.s.l. (MW4_09; 

Fig. 4.7).  

 Delineation of architectural components within AU8 is difficult due to the coarse-

grained nature of the sediments; however, it appears to be composed of fining-upward 

facies associations (architectural elements; Fig. 4.6) made of open-work pebbles and 

boulders with sand at the base to sands and sandy gravels at the top (Figs. 4.7, 4.9, 4.10) 

and a larger-scale (architectural component and unit-scale; Fig. 4.6) coarsening-upward 

succession. The large-scale coarsening-upward succession is utilized to differentiate 

gravels of AU8 from gravels of AU4.  

Interpretation 
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AU8 is interpreted to record incision of older AUs and deposition of sands and gravels in 

a high-energy glaciofluvial outwash system. Downcutting and truncation of underlying 

AUs likely resulted from lowered base level (probably during retreat of the ice margin; 

AU6). The small-scale fining-upward facies associations are interpreted to record the 

migration of gravelly bedforms, and the large-scale coarsening-upward succession of 

AU8 is interpreted to record increased supply of cobbles and boulders and meltwater 

discharge to the outwash system (and may record aggradation of sediment during a minor 

re-advance of the ice margin; Maizels, 1979).  

 

4.4.9. Architectural Unit 9 (AU9): shale-rich gravel and diamict 

AU9 forms the uppermost subsurface unit at the Princess Anne site (C-C’; Figs. 4.2, 4.9) 

and overlies AU1 in Limehouse-Lindsay Court (MW25_09; D-D’; Figs. 2, 10). AU9 

consists of clast-supported diamicts (sand- and clay-rich) interbedded with massive 

gravels, sands, and rare laminated and deformed silts and clays and matrix-supported 

massive diamicts (Figs. 4.4, 4.9, 4.10). Gravel beds commonly have erosional contacts 

with underlying diamicts. Facies in AU9 have a distinct reddish colour as a result of the 

abundant angular shale clasts of the Queenston Formation that commonly weather to clay. 

The reddish coloured diamict and gravels of AU9 are exposed in stream valleys in the 

Georgetown area (Karrow, 2005) and cross-bedded gravel facies and imbricated cobbles 

can be observed in streamcut sections along the northern part of Silver Creek 

(approximately 1 km north of MW21_06; Fig. 4.2). AU9 also contains abundant 

subrounded to well rounded gravel clasts of far-travelled lithologies typical of the 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

284 

 

Canadian Shield (e.g. granite and gneiss). The lower bounding surface (sixth-order) of 

AU9 directly overlies AU7 and AU8, and is planar to undulating and erosional (Fig. 4.9). 

The upper bounding surface is irregular and demarcates the modern ground surface. AU9 

has a sheet-like geometry that is 3-13 m thick, and the lateral spatial relationship of AU9 

with AU1 and AU8 (D-D’) suggest that AU9 has a concave-up geometry (Fig. 4.10).  

Interpretation 

Facies contacts and small-scale changes in facies types are not easy to identify in AU9 

due to the abundance of highly weathered shale clasts, making paleoenvironmental 

reconstruction difficult. Interbedding of diamict and gravel facies (which can be clearly 

seen in MW21_06 and MW25_09; Figs. 4.9, 4.10) may record deposition in a fluvial or 

glaciofluvial outwash system that was supplied with an abundance of Queenston 

Formation shale (similar to the red gravels of Costello and Walker, 1972). The distinct 

reddish colour of AU9, the abundance of shale clasts of the Queenston Formation, and its 

coarse-grained nature suggest that AU9 was supplied with sediment from a source area 

adjacent to an exposed outcrop of Queenston Formation shale or from previously 

deposited sediment rich in Queenston shale (older tills?; Karrow, 2005). 

 

4.4.10 Architectural Unit 10 (AU10): colluvial-alluvial complex 

AU10 is delineated on the Escarpment slope in the Limehouse-Lindsay Court subsite (D-

D’; Figs. 4.1D, 4.2, 4.10). AU10 is identified in boreholes that penetrate the top of the 

Escarpment (MW24_09, 10_10), the margin of a topographically high point (Limehouse 

outlier) on the bedrock surface in the Acton re-entrant (MW1_11; the uppermost lithology 
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of the bedrock outlier is dolostone of the Amabel Formation; Karrow, 2005), and the base 

of the Escarpment slope (MW25_09, 38_09, 5_11; Figs. 4.1D, 4.2). The lower bounding 

surface of AU10 is highly undulating on the upper Escarpment slope (MW24_09 to 

1_11), planar near the base of the Escarpment (MW25_09 to 5_11), and erosional where 

gravels overlie finer-grained sediments (of AU1 and AU9; MW1_11 and MW25_09; Fig. 

4.10).  

 AU10 contains a diverse assemblage of facies types, including gravels (sand-rich 

and open-work gravels, and outsized boulders), diamicts (clay- and sand-rich matrix 

supported diamict and clast-supported diamict facies), sands (including Sc, Sh, Sd and 

Sm), and muds (Fm and Fd with rare gravel clasts and convolute laminations; Figs. 4.4, 

4.10, 4.12). Facies contacts in AU10 are commonly conformable (non-erosional); 

however the coarse-grained texture of gravels makes delineation of the nature of facies 

contacts in core uncertain. Gravel clasts contained within AU10 are commonly 

subangular to very angular (rarely subrounded), of local and far-travelled lithologies, and 

contain large boulders of dolostone and sandstone. Clast-supported diamict facies are 

common in MW25_09 (at the base of the Escarpment) and rare matrix-supported massive 

diamict is recorded in MW1_11 (on the margin of the Limehouse bedrock outlier). Fine-

grained facies in AU10 are very rare, and comprise deformed (contorted beds) of silt and 

clay that contain dipping beds of cobbles (with erosional bases; MW10_10; Fig. 4.10) and 

convolute lamination.  

 Facies in AU10 have complex spatial relationships, which makes characterization 

of the internal sedimentary architecture difficult. The facies succession in AU10 appears 
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to become finer-grained with distance from the Escarpment (MW24_09 to MW5_11), and 

large boulders (> 1 m in diameter) are recorded only on the Escarpment and in close 

proximity to the Limehouse bedrock outlier (MW1_11; Fig. 4.6). The coarsest-grained 

deposits of AU10 are located adjacent to the bedrock outlier (MW10_10) and at the base 

of the Escarpment (MW25_09). AU10 shows a crude coarsening-upward facies 

succession at lower elevations on the Escarpment slope (MW25_09 to 5_11; Figs. 4.2, 

4.10) passing from sands, silt and clay (and rare gravels) at the base to boulders and sandy 

gravels at the top of the unit (Fig. 4.10). Near the top of the Escarpment (MW24_09 to 

1_11), AU10 contains interbedded sands, silty clays, sandy and open-work gravels and 

large, outsized boulders (Fig. 4.10).  

 

Interpretation 

AU10 is interpreted to record deposition by colluvial and alluvial processes operating on 

and adjacent to the Niagara Escarpment, and localized deposition of fine-grained facies in 

a ponded (slackwater) environment, possibly in a similar depositional setting to a 

colluvial or alluvial fan (Blair and McPherson, 1994; Blikra and Nemec, 1998; Nemec 

and Kazanci, 1999). The high degree of heterogeneity within AU10 suggests dynamic 

depositional conditions, and facies changes along D-D’ suggest rapid downslope 

spatiotemporal changes in the magnitude of energy levels of depositional processes. 

Large outsized boulders (MW10_10, 1_11, 24_09; Fig. 4.10) are interpreted to record 

transport and deposition by rockfall; clast-supported diamict facies containing angular 

and subrounded clasts are interpreted to record mass wasting and remobilization of 
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previously deposited sediments (possibly till and glaciofluvial sediments? Fig. 4.1) from 

locations higher upslope or on valley walls (Blair and McPherson, 1994). Thick 

successions of gravel facies (Gm) containing angular to subrounded clasts of local and 

far-travelled lithologies (MW24_09, 25_09; Fig. 4.10) are interpreted to record deposition 

in a high-energy alluvial (glaciofluvial?) system that likely reworked colluvial debris, and 

transported far-travelled lithologies from source areas elsewhere on the Escarpment (Fig. 

4.1). Units with a similar architecture to AU3 and AU6 (interpreted as till) are not 

apparent here (Figs. 4.7, 4.10, 4.12). 

 

4.4.11 Architectural Unit 11 (AU11): fluvial to slackwater (fining-upward channel 

fill) 

AU11 is delineated in boreholes that are located in an underfit valley in the Cedarvale 

area (B-B’; Figs. 4.2 4.-8), which is occupied by Black Creek (flowing from the west, in 

the Acton Re-entrant) and Silver Creek (flowing from the north, in the area of MW5_11; 

Figs. 4.1, 4.2). The stream valley in the Cedarvale area has a well-defined U-shaped 

surface topography and its margins are terraced in places (CVC, 2001). AU11 comprises 

a fining-upward succession of architectural components (AU11a-c) including gravel 

(boulder and cobble) at the base (AU11a), sands and gravels, and fine-grained facies 

(AU11b), and predominantly silts, clays, and sands (AU11c) at the top (Figs. 4.8, 4.12). 

The three components of AU11 each have an internal fining-upward facies succession 

and are separated from each other by sharp to erosional fifth-order bounding surfaces 

(Figs. 4.8, 4.12). The average grain size of facies within AU11 becomes finer towards the 
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southeast (MW3_09; Fig. 4.8). The lower bounding surface of AU11 is irregular, and the 

upper bounding surface is at the present day ground surface and dissected by modern 

stream systems (Black Creek and Silver Creek; Figs. 4.1, 4.2). AU11 is located in the 

Georgetown-Huttonville bedrock valley (Fig. 4.1D). 

 AU11a is the coarsest-grained component of AU11, and consists of open-work 

and sandy gravels (cobbles and boulders), and deformed and massive gravelly sands that 

rest directly on bedrock or lenses of AU1 (Fig. 4.8). Gravel clasts within AU11a are 

subangular to well-rounded and of local and far-travelled lithologies. Primary 

sedimentary structure is not recorded in this component, and lateral correlation of gravel 

beds is uncertain (a thick section of MW6_10 was not recovered in core; Fig. 4.8). 

AU11b has a concave-up lower bounding surface which is overlain by Sm, Sr, Sc, and Sd 

facies and massive sandy gravel facies, and fines-upwards to Fl, Fd, and Fm(g) 

(composed mostly of silts and clays) and minor Sd and Sm facies (Figs. 4.4, 4.8). AU11b 

also contains thin interbeds of massive sandy gravels (MW3_09) that commonly have 

erosional bases (Fig. 4.8). AU11c is the uppermost (youngest) component of AU11, and 

consists of an erosional lower bounding surface overlain by thin beds (<1 m) of Sm(g) 

and Gm(s), which either fine-upwards or abruptly change to muds and very-fine grained 

sand (Fd, Fl, and Fm; Fig. 4.8).  

Interpretation 

AU11 is interpreted to record incision of older units and deposition of channel fill 

deposits in a fluvial depositional environment (Miall, 1977; Germanoski and Schumm, 

1993). The gravel facies within AU11 are similar to those recorded in AU4 and AU8, and 
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the processes responsible for their deposition may have been very similar. However, the 

architecture (components and pattern of the vertical succession of facies) of the older 

AUs is not apparent in AU11 (Fig. 4.12). AU11a is located at a much lower topographic 

elevation than either AU4 or AU8 (Fig. 4.11) and its lateral spatial relationship with older 

AUs suggests that the fluvial system responsible for the deposition of AU11 downcut and 

removed these older units (Fig. 4.7- 4.10, 4.13).  

 The coarse-grained texture of gravel facies in AU11a suggest deposition in a high 

energy, competent fluvial system that was supplied with abundant cobbles and boulders. 

Gravels were likely transported as rolling bedload sheets or low relief bars during flood 

events, and sand probably infiltrated the interstices of gravels during periods of low 

energy discharge (Miall, 1977; Maizels, 1993). AU11b is interpreted to record decreased 

discharge and winnowing of the upper surface of AU11a, and deposition of fine-grained 

facies in slackwater areas of abandoned channels (Miall, 1992). Interbeds of massive 

sandy gravel facies in AU11b may record lateral migration of channels and reactivation 

of the fluvial plain (Miall, 1977). The fining-upward facies succession of AU11b (Figs. 

4.8, 4.12) suggests abandonment of the fluvial system and deposition of fine-grained 

facies from suspension in a ponded or slackwater depositional environment (Miall, 1977, 

1992). Diamict interbeds, rare pebbles and cobbles, and laminated fine-grained facies 

with erosional facies contacts are interpreted to record debris flow deposits (Eyles et al., 

1983; Miall, 1992), which likely originated from mass wasting of sediments from the 

river valley slopes. AU11c is interpreted to record truncation of the upper surface of 

AU11b and reactivation of the fluvial systemm, probably as a result of lateral migration  
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Fig. 4.12. Sedimentary architecture of architectural units (AUs) delineated in this study. 

AUs include weathered bedrock and regolith (AU1), sandy glaciofluvial (AU2), till 

complexes (AU3, AU6), gravelly glaciofluvial (AU4, AU8), glaciolacustrine, 

glaciofluvial, and deltaic units (AU5, AU7), shale-rich diamict and gravels (AU9), 

colluvial-alluvial (AU10), and fluvial to slackwater (AU11). Refer to Fig. 4.4 for facies 

codes, descriptions, and interpretations, Figs. 4.7-4.10 for AUs delineated in boreholes, 

and Fig. 4.11 for a summary and interpretation of AUs.   
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of the channel (and may be related to the modern Black and Silver Creeks?; Figs. 4.1, 

4.2). 

 

4.5 DISCUSSION 

The dynamic nature of glacial depositional environments results in complex spatial 

relationships between sedimentary units. Understanding of the sedimentary heterogeneity 

and geometry of coarse-grained glacial units is imperative for determining past 

depositional histories of outwash systems, and for reservoir characterization, source water 

protection, and groundwater sustainability applications. AEA was developed for the 

analysis of sediments exposed in outcrop, and only recently has been applied to the 

analysis of buried subsurface sediments (assisted by outcrop, geophysical, and 

hydrogeological data; e.g. Boyce and Eyles, 2000; Gerber et al., 2001; Skelly et al., 

2003). This study demonstrates the applicability of AEA to the analysis of sediments 

recovered from fully cored boreholes (in the absence of other data types) for the 

delineation of glacial sedimentary architecture at local (architectural elements) to regional 

(architectural units) scales (Davis et al., 1993). The main limitation of applying AEA to 

core data is the inability to visually delineate the sedimentary geometry of units based on 

physical observation of sediments in 2- and 3-dimensional space, which is readily 

apparent on outcrop sections (e.g. Slomka and Eyles, 2013). This introduces uncertainty 

to the correlation of units between boreholes (and their 2- and 3-dimensional geometry; 

Miall, 2014). Deconstructing the architecture of subsurface sediments from core is 

inherently tainted with uncertainty (Miall, 2014) and several plausible architectural 
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models of the Georgetown area, based on the data available for this study (Figs. 4.7- 

4.10), may be constructed. Undoubtedly, integration of additional data (e.g. fully-cored 

boreholes and wireline logs, landform analysis, surface geophysics, and hydrogeological 

data; Davis et al., 1993; Boyce and Eyles, 2000; Gerber et al., 2001; Skelly et al., 2003; 

Hansen et al., 2009) and computer-based modeling (e.g. simulations of facies geometries; 

Bridge and Tye, 2000; Deutsch and Tran, 2002) in future studies would likely refine and 

enhance this subsurface architectural model. 

 The methods applied in this study, including the detailed recording of facies 

characteristics, the vertical succession of facies types, and nature of facies contacts (Figs. 

4.7- 4.10), ‘pattern recognition’ of vertical facies successions (Walker, 1992), and the 

utilization of bounding surface and unit hierarchies (Fig. 4.6), facilitated characterization 

of the sedimentary architecture of the Georgetown area from large-scale units 

(architectural units) to small-scale facies associations (architectural elements; Figs. 4.6, 

4.12). The sedimentary architecture (including facies, the vertical succession of facies, 

and bounding surfaces) of these unit hierarchies served as the basis for correlation 

between boreholes and provided a tool for detailed paleoenvironmental reconstruction 

and interpretation of depositional histories. The architectural model presented here 

demonstrates the complex spatial relationships that exist within subsurface glacial 

stratigraphies, particularly in areas affected by multiple incision events caused by 

downcutting glaciofluvial channel systems. These incision events add to the uncertainties 

of unit correlation as they often remove older deposits including till sheets that may be 

utilized as ‘marker beds’ for relative dating purposes (e.g. Fig. 4.13)  
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4.5.1 Depositional history 

Georgetown is located at the base of the Niagara Escarpment and is underlain by at least 

three bedrock valleys buried by variable thicknesses of Quaternary sediment (Fig. 4.1D). 

The complex topography of the bedrock surface suggests the timing of bedrock valley 

formation was likely punctuated and time-transgressive (Straw, 1968). The architectural 

units characterized here, which overlie the irregular bedrock surface (a regional 

unconformity), are interpreted to record several Late Quaternary events (Fig. 4.3, 4.11). 

The stratigraphic position of AU1 suggests it likely formed prior to the Late 

Wisconsin (>25C ka yrs BP; Fig. 4.3). The architecture of AU1, and its spatial 

relationship to the Escarpment, suggest AU1 may record deposition in an alluvial or 

colluvial fan depositional environment emanating from the Niagara Escarpment (Nemec 

and Kazanci, 1999). The cool moist climate during the Middle Wisconsin (Barnett, 1992) 

would have provided abundant moisture to facilitate the development of ground ice and 

conditions suitable for weathering of the bedrock surface and badland development; 

ephemeral stream systems likely drained surface water down the Escarpment slope and 

eroded far-travelled clasts from previously deposited sediment (Fig. 4.3). AU1 is 

equivalent to SUI of Meyer and Eyles (2007), and may be similar to the red gravels of 

Costello and Walker (1972). 

 AU2 appears to occupy a north-south trending bedrock valley (currently occupied 

by a section of Silver Creek; Figs. 4.1D, 4.2, 4.13) and is delineated in a relatively narrow 

zone extending from the MSMC area (A-A’) to the boundary between the east Princess 
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Anne (C-C’) and northwest Cedarvale (B-B’) areas (MW26_09, 20_06; Fig. 4.13). AU2 

is most continuous in the southern part of the study area (A-A’; Figs. 4.2, 4.13) and has 

previously been mapped as far south as Milton (approximately 15 km south of 

Georgetown; SUII and SUIII of Meyer and Eyles, 2007). The fluvial system of AU2 

probably records advance of the Laurentide Ice Sheet (LIS) during the Middle Wisconsin 

(Fig. 4.3; Maizels, 1979; Dredge and Thorleifson, 1987; Barnett, 1992). The LIS would 

have provided a considerable amount of meltwater and coarse-grained debris at this time, 

which was likely transported in bedrock-hosted spillway systems along the top and base 

of the Escarpment (Costello and Walker, 1972; Eynon and Walker, 1974; Chapman and 

Putnam, 1984; Karrow, 2005). AU2 may be stratigraphically equivalent to the Thorncliffe 

Formation (>25C ka yrs BP; Fig. 4.3), which is a sand-rich deltaic unit well exposed at 

the Scarborough Bluffs in Toronto, and identified below the Oak Ridges Moraine (Fig. 

4.1; Miall, 1985; Eyles and Clark, 1988; Russell et al., 2003; Meyer and Eyles, 2007). 

The absence of till in MW26_09 and MW20_06 (Figs. 4.7, 4.8) makes relative dating and 

correlation of AU2 at the borehole locations uncertain; however the vertical facies 

succession of AU2 delineated in MW20_06 (Fig. 4.8) is similar to that of SUII of Meyer 

and Eyles (2007) identified in a borehole near MW4_09 (Figs. 4.2, 4.8). 

AU3 is a till unit interpreted to be equivalent to the Newmarket Till, which 

records advance of the LIS from the north into the study area during the Port Bruce 

Stadial (c. 14C ka yrs BP; Fig. 4.3; Barnett, 1992; Boyce and Eyles, 2000; Karrow, 2005; 

Meyer and Eyles, 2007). AU3 is interpreted here to be equivalent to SU IV identified by 

Meyer and Eyles (2007). The variable matrix textures of diamict facies (AU3a-e: Figs. 
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4.7, 4.12) are interpreted to reflect incorporation of materials from the substrate over 

which the ice advanced, whereby sandy diamict matrix records overriding and 

incorporation of proglacial outwash sediment (AU3a,c,e) and finer-grained diamict 

matrix records incorporation of glaciolacustrine sediment in the subglacial traction zone 

(AU3b,d; Evans et al., 2006). The irregular upper surface of AU3 may represent a buried 

drumlinized surface similar to that identified on the buried surface of the Northern 

(Newmarket) Till by Boyce and Eyles (2000) in the Pickering area (east of Toronto), or 

hummocky moraine which is common at modern ice margins (Kjær and Krüger, 2001). It 

is worth noting that Boyce and Eyles (2000) also delineated five diamict units within the 

Northern Till; however, regional correlation of these diamict components is uncertain and 

requires additional detailed work.  

 The concave-up geometry of the lower bounding surface and the broad lateral 

extent of AU4 suggests the formation of a broad outwash channel system that drained 

meltwater down the Escarpment slope (Fig. 4.13), probably after the LIS retreated from 

the Paris and Galt Moraines (Figs. 4.1, 4.3) during the early Mackinaw Interstadial (c. 

13.4C ka yrs BP; Barnett, 1992; Meyer and Eyles, 2007). AU4 is delineated in the 

northern part of the MSMC site (A-A’), Princess Anne (C-C’), and northern part of the 

Limehouse-Lindsay Court site (D-D’; Fig. 4.13), and appears to occupy a bedrock trough 

that trends from the Georgetown-Acton bedrock valley into the Georgetown-Huttonville 

bedrock valley (Figs. 4.1D, 4.2, 4.13). AU4 appears to be located in a similar geographic 

position and to have a similar orientation as the modern Silver Creek (and part of Black 

Creek), and the glaciofluvial system in which it was deposited likely drained meltwater 
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through the Acton re-entrant (Figs. 4.1D, 4.2, 4.13) east toward the area now occupied by 

the Credit River (Figs. 4.1D, 4.2). However, the direction of meltwater flow is uncertain 

in the absence of any paleocurrent indicators. The fining-upward and coarsening-upward 

components of AU4 are interpreted to record allogenic processes such as changes in the 

supply of coarse-grained sediment and meltwater discharge as well as autogenic 

processes such as lateral migration channels and bedforms (Beerbower, 1964; Eynon and 

Walker, 1974; Maizels, 1979; Miall, 2010). AU4 is most likely equivalent to SUV of 

Meyer and Eyles (2007) and may be equivalent to EAs1-3 of Slomka and Eyles (2013) 

delineated at Limehouse (Fig. 4.2). 

 AU5 is interpreted to record a sandy delta front and glaciolacustrine depositional 

environment, supplied with rainout debris from floating ice. Its stratigraphic position 

below the till of AU6 suggests AU5 formed prior to advance of the Halton ice, and likely 

formed during the late Mackinaw to early Port Bruce Stadial (c. 13C ka yrs BP; Fig. 4.3; 

Barnett, 1992). AU5 likely represents deposits of the early or paleo-‘Peel Ponds’, which 

include ephemeral lakes ponded at the margin of the Ontario lobe (Fig. 4.3; Barnett, 

1992). An advancing ice margin out of the Ontario basin (from the southeast) would 

likely block outlets (the AU4 channel system?) and dam meltwater at the base of the 

Escarpment, possibly in the Acton re-entrant (Figs. 4.1, 4.3; Costello and Walker, 1972; 

Barnett, 1992; Karrow, 2005; Slomka and Eyles, 2013). The architecture of AU5 (AU5a-

c; Fig. 4.12) suggests fluctuating water levels and dynamic depositional conditions within 

the paleolake, which is common in modern glaciolacustrine settings, and likely reflects 

fluctuating ice margin positions during overall ice advance (Gustavson and Boothroyd, 
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1987; Matthews et al., 2000; Blass et al., 2003). The finest-grained component (AU5a) is 

located in a topographic low on the surface of AU4 in the Georgetown-Huttonville 

bedrock valley (Figs. 4.1D, 4.13), which suggests ponding of meltwater was concentrated 

(and deepest?) in the bedrock valley. The precise location of meltwater and sediment 

input points is uncertain, but likely sources include the ice margin to the southeast, 

meltwater channels from the Escarpment to the west, and the area occupied by the ORM 

to the north (Figs. 4.1, 4.3). AU5 is probably equivalent to the lower sediments of SUVI 

of Meyer and Eyles (2007) and EA4 of Slomka and Eyles (2013) recorded in the 

Limehouse area (Fig. 4.2). 

AU6 is probably equivalent to the Halton Till (and the upper part of SUVI of 

Meyer and Eyles, 2007), which has been mapped throughout the western part of the 

Ontario basin in southern Ontario (Fig. 4.1; Barnett, 1992; Karrow, 2005), and records 

advance of ice over the study area during the Port Huron Stadial (c. 13C ka yrs BP; Fig. 

4.3; Barnett, 1992). The internal architecture of AU6 (Figs. 4.7, 4.12) suggests the Halton 

ice margin (AU6a) fluctuated in its position, allowing deposition of a sheet of sands 

(AU6b); however the extent of retreat of the ice margin is uncertain. Diamicts and 

outwash of AU6c are interpreted to record a second minor advance of the ice margin over 

the MSMC area. The Halton Till forms a thin cover of drift that directly overlies bedrock 

on the Escarpment slope (Fig. 4.1A,B), and may represent only the first advance phase of 

Halton ice (AU6a).  

AU7 forms a wedge-shaped unit in the Cedarvale (B-B’) site (Figs. 4.2, 4.13) and 

the geometry and spatial relationship of its architectural components (AU7a-c; Fig. 4.11) 
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suggests a thick accumulation of deltaic sands was deposited in a lake basin in the 

northern part of the valley (MW23_07, 20_06, 25_07; Fig. 4.8). This lake was probably 

formed as a result of blocking of the ‘paleo-Credit River’ and other outlets by the Ontario 

ice lobe. Sand was probably supplied from a sandy braided river-delta plain depositional 

system (Figs. 4.2, 4.8, 4.13) that served as a sediment source in the Princess Anne area 

(AU7c). The stratigraphic position and elevation of AU7c (C-C’) and the sandy 

component of the Halton Till (AU6b; A-A’; Figs. 4.7, 4.12, 4.13) suggests these sandy 

architectural components may be time-equivalent, and that sediments of AU6b may have 

supplied outwash sediment to the sandy delta of AU7. Thick successions of sand-rich 

deposits are located at a similar stratigraphic position as AU7 in the Glen Williams area 

(2 km north of Georgetown; Karrow, 2005) and further work is needed to determine the 

stratigraphic and genetic relationship between these various sand bodies.  

 Ice marginal retreat from the study area is recorded by gravels of AU8, which 

truncate sands of AU7 (C-C’) and overlie gravels of AU4 in the northern part of MSMC 

(A-A’) and Limehouse-Lindsay Court (D-D’; Figs. 4.2, 4.12, 4.13). Retreat of the Ontario 

lobe to the east would open outlets and drain lakes ponded at the base of the Escarpment 

(in which AU7 was deposited; Karrow, 2005). AU8 is interpreted to record deposition in 

a proglacial outwash channel that transported gravels down the Escarpment from the 

northwestern part of the study area (MW5_11) toward the southeast (A-A’; Fig. 4.13). 

The absence of Halton Till (AU6) overlying AU8 suggests it was deposited during 

deglaciation of the study area, probably during the mid to late Port Huron Stadial (c. 

12.5C ka yrs BP?; Barnett, 1992). Shale-rich diamicts and gravels of AU9 (which directly 
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overlie AU8 at C-C’; Figs. 4.2, 4.13), may record deposition of sediment from a source 

area in which shales of Queenston Formation are exposed. Queenston Formation shale is 

exposed at surface in Terra Cotta (10 km north of Georgetown) and in a section of the 

Credit River valley in the northern part of Georgetown (adjacent to 26_07; Fig. 4.1D; 

Karrow, 2005). It is possible that AU9 may be equivalent to EA6 of Slomka and Eyles 

(2013), which also contains abundant weathered Queenston shale. An alternate 

interpretation is that AU9 may be a lateral facies variation of AU6a or AU6c, and records 

advance of the Halton ice margin; however, the architecture of AU9 and AU6 are 

substantially different which suggests they are not equivalent. 

 AU10 overlies AU4, AU8, and AU9 (Fig. 4.13), and is interpreted to have formed 

after the Mackinaw Interstadial and possibly after Halton ice had retreated from the study 

area (c. <12C ka yrs BP?; Barnett, 1992). The absence of Halton Till (AU6) in D-D’ 

suggests that it was removed by fluvial erosional processes on the Escarpment slope. 

However, previously mapped surficial Quaternary sediments in this area (Figs. 4.1A, B) 

record Halton Till at surface; clearly, further investigation of subsurface sediments in the 

Acton re-entrant and on the Escarpment slope is needed to better understand the spatial 

relationship, relative age, and depositional history of sediments of AU10, and their 

relationship to the Halton Till. The heterogeneous facies assemblage of AU10 probably 

records mass wasting of exposed bedrock slopes on the Escarpment and deposition of 

sands and gravels in high energy outwash streams that likely drained meltwater from the 

LIS (located to the north of the study area) into the Acton re-entrant (Fig. 4.1D).  
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 The subsurface sedimentary architecture of the southern part of the Cedarvale 

valley (B-B’; Fig. 4.13) is recorded in four boreholes (Fig. 4.8) located at the confluence 

of Silver and Black Creeks, and in an underfit U-shaped stream valley (Fig. 4.13; CVC, 

2001, 2009). The boreholes are located in the western part of the Georgetown-Huttonville 

bedrock valley (Fig. 4.1D) and the absence of till (AU3 and AU6) and other older AUs at 

these borehole locations suggests that AU11 was deposited after ice retreated from the 

Georgetown area (c. 12C ka yrs BP; Fig. 4.7). The lower bounding surface of AU11 is 

interpreted to record incision of older units and entrenchment of a fluvial system, 

probably as a result of lowered base levels caused by ice margin retreat (enhanced by 

isostatic rebound?; Bryan et al., 1987). The oldest architectural component of AU11 

(AU11a) is interpreted here to record aggradation of cobble and boulder bedload which 

was likely supplied from areas draining the retreating Simcoe lobe in the north (Fig. 4.3). 

Younger architectural components (AU11b and AU11c) likely record progressive retreat 

of the ice margin (resulting in decreased supply of coarse-grained sediment and 

discharge) and transition to a slackwater depositional setting, in which silts, clays and 

fine-grained sands (upper part of AU11b, c) were deposited. Lateral migration of the river 

system (the ‘paleo’ Black and Silver Creeks) and flood events in the Cedarvale valley 

likely resulted in minor scour of older sediments and deposition of thin gravel beds 

(AU11b,c; Fig. 4.8). Damming of Silver Creek (in the area of 8
th

 Line and 15 Side Road; 

Fig. 4.2) in the early nineteenth century ponded water in the Cedarvale valley (called 

‘Wilbur Lake’; CVC, 2001) and may have allowed deposition of fine-grained material in 

the upper part of AU11b; subsequent draining of the dam in the early twentieth century  
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Fig. 4.13. Conceptual fence-diagram of the ‘nested’ subsurface sedimentary architecture 

of the Georgetown area, based on sedimentary logs recorded from boreholes utilized in 

this study. A. Fence diagram of architectural units (AUs) bounded by sixth-order 

surfaces. The location of Black and Silver Creeks is indicated by a dashed line. Refer to 

Fig. 4.2 for borehole and transect locations. B. ‘Nested’ architectural framework of the 

Georgetown area including architectural elements (fourth-order surfaces), architectural 

components (fifth-order surfaces), architectural units (sixth-order surfaces), and the 

Quaternary basin fill (seventh-order surfaces). Grey shapes on D-D’ represent the location 

of outsized boulders. Refer to Fig. 4.2 for borehole and transect locations, Figs. 7-10 for 

AUs delineated in sedimentary logs, and Figs. 4.11 and 4.12 for the detailed internal 

architecture and interpretation of AUs.  
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(CVC, 2001) probably caused scouring of the fine-grained sediments and deposition of 

gravels in AU11c (Fig. 4.8). 

 

4.5.2 Hydrostratigraphy 

 Georgetown contains three municipal well fields located in the Cedarvale valley 

(B-B’), Princess Anne (C-C’), and Lindsay Court (D-D’) sites (Fig. 4.2). Establishing the 

detailed sedimentology and architecture of subsurface stratigraphic units is fundamental 

for understanding aquifer and aquitard heterogeneity and connectivity (Howard and Beck, 

1986; Gerber et al., 2001; Meriano and Eyles, 2009), and accurate prediction and 

modeling of small-scale (local) groundwater flow and its connection to the regional 

groundwater flow system (Anderson, 1989; Anderson et al., 1999; Klingbeil et al., 1999).  

 The subsurface architecture of the northern part of Georgetown (at the locations of 

boreholes analysed in this study; Fig. 4.2, 4.7-4.10) is dominated by glaciofluvial and 

deltaic units (Fig. 4.11), which truncate and completely remove the ‘regional’ till 

stratigraphy (AU3 and AU6); however, these till units are preserved in the southern part 

of the study area (A-A’; Fig. 4.13; Meyer and Eyles, 2007). At least six glaciofluvial 

incision events (IE1-6) are identified in the Georgetown area, recorded by the lower 

bounding surfaces of AU2, AU4, AUs7-9, and AU11 (Fig. 4.13B). Understanding the 

spatial relationship of incision events is important because they truncate fine-grained till 

and glaciolacustrine units that form confining layers for aquifers and increase the 

geologic (and possibly hydraulic?) connection between coarse-grained units that 

otherwise may not be connected (Slomka and Eyles, 2013). The incision events (IEs) 
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identified in the Georgetown area are interpreted to have formed as a result of allogenic 

processes including those associated with an advancing ice margin and initiation of an 

outwash plain (IE1) and retreat of the ice margin and lowering of base level (IEs2-6), 

possibly enhanced by post-glacial isostatic rebound (IEs 5, 6). The lower bounding 

surface of the Newmarket Till sheet (AU3) may also be considered to record ‘incision’ 

where it truncates underlying sediments of AU2 (Fig. 4.13).  

 The area between 8
th

 Line and 15 Side Road (A-A’; Fig. 4.2) is identified as an 

area of future urban development (Town of Halton Hills, 2013) and contains two 

subsurface units that host prospective aquifers. The weathered bedrock surface (AU1) 

hosts an aquifer that is utilized for private wells, and has previously been interpreted to be 

directly confined by the Halton Till (CVC, 2001); however, the diamict of AU1, as 

delineated in this study, is overlain by sands and gravels of AU2 and AU4, and it may be 

susceptible to contamination from surface point sources in areas where the Newmarket 

and Halton Tills have been removed (e.g. MW4_09). AU2 is regarded as the primary 

aquifer unit in the MSMC area (Lotimer, 2014, personal communication), and is 

stratigraphically positioned between two fine-grained units of AU1 and AU3 (Figs. 4.11- 

4.13). AU2 forms a prospective confined aquifer in the MSMC area; however, it is 

truncated by the overlying till complex of AU3 and is confined to a relatively narrow part 

of the bedrock valley (Fig. 4.1D). Close to the Niagara Escarpment (between the 5
th

 Line 

and 6
th

 Line area; Fig. 4.2), this aquifer has a high transmissivity and high potential yield 

(boreholes of Meyer and Eyles, 2007); however, as the valley extends toward Silver 

Creek, the sediments become much finer-grained and have a lower transmissivity 
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(Lotimer, 2014; personal communication). This constrains the yield of the aquifer in this 

area (A-A’) to less than what is normally required for a successful municipal groundwater 

supply (based on previously conducted pumping tests; Lotimer, 2014; personal 

communication). Sands of AU2 located along the northern margin of the MSMC site (A-

A’; Figs. 2, 13) do not appear to be geologically connected to coarse-grained units in the 

Cedarvale valley; however, geologic and hydraulic connections may be present in areas 

where the older stratigraphy is incised and removed (by AUs 4, 8, 11; boreholes of Meyer 

and Eyles, 2007). 

 Incision events 3-5 (Fig. 4.13), as delineated in this study, appear to form vertical 

and horizontal geologic connections between shallow and deep coarse-grained units (AUs 

2, 4, 7-11) in the Princess Anne (C-C’), Lindsay Court (D-D’), and Cedarvale (B-B’) 

areas. Wells in the Princess Anne area are screened in, and produce water from, gravels of 

AU4 (Fig. 4.9). Previously conducted pumping tests at MW4_11 (Fig. 4.2) suggest 

gravels of AU4 form an unconfined aquifer in this area (Lotimer, 2014; personal 

communication). The sands and gravels of AU7 and AU8, and diamicts and gravels of 

AU9, allow recharge of groundwater to AU4, but the absence of fine-grained units (e.g. 

till) overlying these units may compromise the integrity and water quality of AU4; 

however, previous testing of water in AU4 (at MW4_11) determined the water to be 

potable (Lotimer, 2014; personal communication). Although the Princess Anne and 

Lindsay Court wells appear to be completed in the same aquifer system (AU4), there is no 

obvious direct hydraulic response when pumping from either well field (Lotimer, 

2014; personal communication), and previously conducted pumping tests in the 
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Cedarvale well field do not indicate any hydraulic connectivity between the Cedarvale 

wells and aquifer and the Princess Anne and Lindsay Court wells and aquifer (Lotimer, 

2014; personal communication). Elevated bedrock topography in the area of MW21_06 

(Figs. 4.1D, 4.2, 4.13), and the lateral spatial relationship of fine-grained sediments of 

AU5 and AU11b,c (Fig. 4.13B) may form a hydraulic boundary between the three well 

fields; hence, incision event 6, involving the entrenchment of the gravelly fluvial system 

(AU11a) and subsequent deposition of fine-grained sediments (AU11b,c), resulted in a 

sedimentary architecture that hosts a confined prospective aquifer (Cedarvale aquifer; 

Fig. 4.2). The lateral extent of cemented gravels in AU4 and AU8 may also contribute to 

a vertical hydraulic barrrier between the aquifers and surface water sources; however, 

further work is needed to understand the 3-dimensional geometry of AU5, and the genetic 

origin of the cement, and its spatial extent and significance to groundwater flow in these 

areas. Furthermore, previous aquifer tests on gravels in AU11a suggest a groundwater 

source from the Limehouse area (Acton re-entrant), and further investigation of the 

subsurface sedimentary architecture is required to determine the stratigraphic relationship 

between gravels of AU10 in the Acton re-entrant (at MW24_09) and AU11a in the 

Cedarvale valley. 

 The sedimentary architecture of subsurface units in the Georgetown area, as 

delineated in this study, provides insight to the 2-dimensional sedimentary heterogeneity 

and geometry of till units (AU3 and AU6), which are considered to form relatively 

impermeable units (and form confining layers) in MSMC (A-A’; Figs. 4.7, 4.13). The 

lower till complex (AU3; Newmarket Till) consists of alternating sheet-like, coarse- 
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(AU3a,c,e) and fine-grained (AU3b,d) diamict architectural components that contain 

interbeds of coarse-grained sand and gravel (Fig. 4.7, 4.12). The coarse-grained sand and 

gravel lenses and sand-rich diamict in AU3c may serve as conductive zones within the 

AU3 till complex, and may facilitate fluid transport horizontally through the till body and 

into the underlying sandy aquifer below (AU2; Gerber and Howard, 1996; Gerber et al., 

2001; Boyce and Eyles, 2000; Meriano and Eyles, 2009). The upper till complex (AU6; 

Halton Till) is composed of a tripartite succession of diamict and sand architectural 

components (Figs. 4.7, 4.12). The lower diamict component (AU6a) is architecturally 

homogenous (i.e. has an absence of coarse-grained interbeds) and likely forms a 

confining layer. The upper diamict component (AU6c) contains several sand and gravel 

interbeds that may facilitate a hydraulic connection from the surface to the underlying 

sand component (AU6b), and sandy parts of AU5 below (Fig. 4.13; Howard and Beck, 

1986; Gerber and Howard, 1996; Gerber et al., 2001). Truncation of the till units (AU3 

and AU6) by incision events 2 and 4 (along the northern part of the MSMC site; A-A’; 

Figs. 4.2, 4.13) may result in horizontal hydraulic connections between the coarser-

grained components of the till architecture (AU6c, e) and AU4, and the formation of 

unconfined conditions in AU4 (MW4_09; A-A’; Fig. 4.13).  

 

4.5.3 Significance of AEA to subsurface mapping 

 The application of concepts of AEA, including unit and bounding surface 

hierarchies (Fig. 4.6), for the analysis of subsurface sedimentary architectures from 

sediments recovered in fully cored boreholes, as presented here, provides insight to the 
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depositional history and hydrostratigraphy of the Georgetown area. Not all levels of unit 

hierarchies could be delineated in all boreholes (Figs. 4.7- 4.10; 4.13); however, the 

bounding surface hierarchy allowed the organization of sedimentary heterogeneity in a 

‘nested’ architectural framework, which allows communication of the detailed 

sedimentary complexity (architectural elements and components) delineated in closely 

spaced boreholes, and maintains the ‘big picture’ framework of larger-scale units 

(architectural units) on a more regional scale (Fig. 4.13). The nested architectural model, 

as presented here, may facilitate a ‘magnifying glass’ approach to geologic modeling 

whereby high-resolution heterogeneity in an area of interest may be represented by small-

scale units (architectural elements; fourth-order surfaces) and connected to larger-scale 

mappable units (architectural components and units) by fifth- and sixth-order surfaces 

with increasing distance from the study area (the practical applications of the nested 

architectural model will be explored in future studies). The delineation of architectural 

components (fifth-order surfaces), as demonstrated here, may facilitate integration of 

sedimentological data with geophysical, geochemical, thermal, and hydrogeological data 

(e.g. Klingbeil et al., 1999; Bridge and Tye, 2000; Gerber et al., 2001; Conant et al., 

2004; Hansen et al., 2009) and serve as field-derived ‘geometric objects’ which may be 

assigned quantitative values (e.g. hydraulic conductivity or transmissivity; Anderson, 

1989; Klingbeil et al., 1999) and utilized for computer object-based modeling (e.g. 

Deutsch and Tran, 2002).  

 The concept of a ‘predesigned’ landscape in southern Ontario appears to apply to 

the Georgetown area, whereby surface water features, Quaternary outwash channels, and 
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bedrock valleys have similar orientations and locations, and generally follow the 

orientation of regional tectonic lineaments (Eyles et al. 1993, 1997). The location of 

buried bedrock valleys does, in part, coincide with the location of modern stream systems 

and subsurface coarse-grained glaciofluvial and deltaic units delineated in the 

Georgetown area (discussed above). Hence, the location of modern stream systems may 

be utilized as a first approximation of the location of coarse-grained outwash units and 

bedrock valleys that may host aquifers, recharge zones, or migration pathways for 

groundwater and contaminants (Fig. 4.13). The utilization of geophysical data can 

significantly enhance the cost-effectiveness of detailed subsurface stratigraphic and 

architectural investigations, and may provide additional data that cannot be readily 

obtained from the analysis of core samples such as the identification of ‘fuzzy contacts’ 

or to supplement sections of poor core recovery (Boyce and Eyles, 2000; Bridge and Tye, 

2000). Further work is needed to better understand the 3-dimensional architecture and 

internal heterogeneity of till complexes, which serve as regional aquitard units in the 

Georgetown area, and the hydrogeological and paleoenvironmental significance of 

glaciofluvial incision events and valley fill stratigraphy.  

 

4.6 CONCLUSIONS 

This study demonstrates that architectural element analysis can be effectively 

applied to the detailed sedimentological and architectural analysis of sediments recovered 

from fully cored boreholes. AEA of sediments recovered from twenty-four fully cored 

boreholes in the Georgetown area facilitated the delineation of a hierarchy of subsurface 
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sedimentary units based on detailed analysis of facies types, their vertical succession, and 

the nature of facies contacts. Eleven architectural units were characterized and delineated, 

and their internal architecture (components) provided insight to the depositional history of 

the Georgetown area. The geometry and spatial relationship of coarse-grained units that 

host prospective aquifers and recharge zones revealed complex spatial relationships, and 

at least six different glaciofluvial incision events, which truncate and remove older units, 

were identified; these incision events may form important geologic and hydraulic 

connections between otherwise confined aquifers. The architectural framework of the 

Georgetown area, as delineated in this study, also provides insight into the heterogeneity 

of till sheets, which may have significant implications for aquitard integrity and the 

distribution of groundwater recharge zones to deeper subsurface units. The method of 

AEA utilized in this study for the analysis of fully cored boreholes (creating a nested 

architectural framework) can be applied to the investigation of subsurface glacial 

sedimentary architectures elsewhere, specifically in areas with limited or an absence of 

outcrop exposures, and may provide insight to 3-dimensional subsurface geologic and 

hydrostratigraphic mapping in other previously glaciated areas. 
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5.1 SUMMARY AND CONCLUSIONS 

The main objective of this research is to understand the sedimentary complexity of glacial 

deposits and explore how the underlying concepts of architectural element analysis 

(AEA) can be utilized to deconstruct glacial deposits into their basic geometric building 

blocks, which compose the sedimentary architecture. This will significantly enhance 

understanding of the spatial and temporal relationships between component parts of the 

glacial depositional system and will facilitate paleoenvironmental reconstructions of 

ancient glacial successions. In previously glaciated regions, such as southern Ontario and 

Illinois, there is an increasing demand to understand the nature and geometry of 

subsurface Quaternary successions as the population of communities dependent on 

groundwater for potable water supplies grow and plan for future development (Kempton 

et al. 1982; Gerber and Howard, 1996; Howard et al. 2003; Sharpe et al. 2003; Herzog et 

al., 2003). In other areas underlain by glacial deposits, such as Alberta, understanding the 

subsurface heterogeneity of glacial successions for irrigation and land-use planning is 

critical (Hendry, 1982; França and Potter, 1991; Government of Alberta, 2014), and the 

potential for glacial deposits to host significant hydrocarbon reservoirs is gaining interest, 

specifically in areas of possible hydrocarbon-groundwater interactions (Bachu, 1997; 

Andriashek and Atkinson, 2007; Ahmad et al., 2009; Huuse et al., 2012). These ongoing 

and growing areas of concern demonstrate that understanding of the sedimentological 

heterogeneity and 3-dimensional geometry of subsurface glacial successions is 

imperative.  
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The sedimentary complexity inherent in glacial successions makes delineation of 

the geometry of sedimentary packages difficult; this is compounded by the lack of an 

objective methodology to systematically characterize and organize the heterogeneity of 

glacial deposits at different scales of resolution. Architectural element analysis facilitates 

delineation of sedimentary geometry based on detailed analysis of facies types and 

contacts, the grouping of facies associations, and understanding autogenic and allogenic 

controls on their deposition; however, AEA has scarcely, and only recently, been utilized 

for the analysis of glaciogenic deposits (Boyce and Eyles, 2000; Marren et al., 2009; 

Slomka and Eyles, 2013).  

This thesis research explores the validity of AEA for the characterization of 

glacial sedimentary architectures and addresses and provides insight to the 

aforementioned concerns by: 1) investigating the applicability of AEA to the 

characterization of the internal heterogeneity of a thick till complex (aquitard), which was 

conducted through detailed analysis of facies and facies contacts in sediments exposed in 

outcrop (Chapter 2); 2) testing the validity and full potential of AEA for the 

characterization of the sedimentary architecture of a modern glacial landscape (Chapter 

3), and 3) exploring the utility of fundamental principles of AEA (bounding surface and 

unit hierarchies) for deconstructing a glacial succession into architectural units, which 

involved detailed analysis of sediments recovered in fully-cored boreholes (Chapter 4).   

This thesis clearly demonstrates the applicability and effectiveness of AEA as a 

powerful tool for the analysis of glacial sedimentary architectures delineated in outcrop, 

at modern glacial landscapes, and from sediments recovered in boreholes. Tills are 
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commonly considered to have two contrasting types of internal organization, and are 

either relatively homogenous or highly heterogeneous, and the processes involved in their 

formation are not well understood. This is largely because of a lack of sedimentological 

evidence available to substantiate theoretical models of till formation and the 

inaccessibility of subglacial depositional environments for direct observation and 

documentation of subglacial processes at modern ice margins. However, detailed analysis 

of a thick till succession exposed in outcrop utilizing AEA (Chapter 2), provides insight 

to the organization of till heterogeneity at different scales (from small-scale facies to 

larger mappable units; Fig. 5.1). This research identifies five different ‘building blocks’ 

that make up the small-scale till architecture; these are grouped to form larger-scale 

architectural units that can be mapped across the local study area. The till architecture 

suggests a negative feedback response of allogenic controls, including: meltwater 

accumulation on a low permeability bed, ice-bed decoupling, draining of meltwater and 

deposition of sands in subglacial conduits, and ice-bed recoupling (Chapter 2).  

The complexity of modern glacial landscapes is commonly characterized and 

classified using landsystem analysis; however, this form of analysis does not provide a 

tool for systematic organization and arrangement of different parts of the landsystem, and 

translation of this information to subsurface sediments. This research demonstrates the 

robustness of the integration of AEA with landsystem analysis for the delineation of the 

sedimentary architecture of a modern glacial landscape at Sólheimajökull in Iceland 

(Chapter 3). Surface features are delineated by fourth-order surfaces, and packaging of 

genetically-related surface features allow characterization landsystem components, which 
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make up the large-scale architecture of a landsystem tract (depositional environment; Fig. 

5.1). This research utilized landsystem components from different landsystem tracts (and 

the spatial arrangement of fifth-order bounding surfaces) to identify eight allostratigraphic 

units. These allostratigraphic units provided insight to the depositional history and 

evolution of the Sólheimajökull landsystem. The sedimentary architecture delineated at 

Sólheimajökull (Chapter 3) facilitated the construction of three architectural models 

which represent the sedimentary architecture in ice-marginal, proglacial, and ice-distal 

locations in the landsystem which may be utilized for subsurface investigations of 

sedimentary architectures in other glaciated terrains.  

The fundamental principles on which AEA is based are also found to be highly 

effective for delineating the subsurface sedimentary architecture of deeply buried 

Quaternary sediments recovered in boreholes (Chapter 4). The principles of bounding 

surface and unit hierarchies of AEA were applied to the analysis of glacial sediments 

recovered from fully-cored boreholes in the Georgetown area, Ontario, which is 

dependent on groundwater as a potable water source. Sixth-order surfaces delineate large-

scale mappable units (architectural units; Fig. 5.1) which record different depositional 

environments. The internal heterogeneity of architectural units is characterized by 

grouping genetically-related facies associations (architectural elements) bounded by 

major discontinuities (fifth-order surfaces), which make up architectural components 

(Fig. 5.1). This research demonstrates the significance of understanding the detailed 

architecture of subsurface glacial deposits for paleoenvironmental reconstruction and 

understanding of the depositional history of the Georgetown area. AEA is a particularly 
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useful tool as it facilitates the identification of the geometry and interconnectivity of 

coarse-grained units (aquifer and recharge zones) and fine-grained units (aquitards; 

Chapters 2-4). It is essential to understand the complex spatial relationship and geometry 

of these coarse- and fine-grained units, specifically in areas such as Georgetown (Ontario; 

Chapter 4), where confining (aquitard) layers are discontinuous and coarse-grained 

glaciofluvial units incise and truncate (and in places completely remove) older 

stratigraphic units including regionally extensive till sheets (Chapters 3, 4). Glaciofluvial 

incision is a common erosional process at modern ice margins (Chapter 3), and the 

location, lateral extent, and geometry of incision events are important to understand 

because they may create hydraulic connections between units that would otherwise be 

disconnected (Chapter 4). AEA, as utilized in this research, facilitates the construction of 

an architectural framework which may be utilized to refine hydrostratigraphic models and 

provide insight to hydrogeological responses of aquifers hosted in coarse-grained glacial 

deposits (Chapter 4). 

Overall, this research (Chapters 2-4) demonstrates that fifth-order bounding 

surfaces are key constituents of the sedimentary architecture of depositional systems as 

the spatial arrangement of these surfaces delineates sediment packages at a scale that 

effectively characterizes the sedimentary architecture and detailed heterogeneity 

(Chapters 2-4), facilitates paleoenvironmental reconstruction and understanding of 

depositional histories (Chapters 2-4), and provides insight to the geological controls on 

the hydrogeological behaviour of aquifers (Chapter 4). The spatial arrangement of fifth-

order bounding surfaces, and the spatial relationship of sediments they contain, may help 
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in the definition of time-equivalent units (allostratigraphy) in glacial successions (Chapter 

3); this is important for understanding the depositional history of a glaciated basin and 

may facilitate predictive mapping of the subsurface glacial architecture in areas with 

limited borehole data and a paucity of outcrop (Chapter 4). This research also 

demonstrates that sixth-order surfaces can cross-cut lithostratigraphic unit boundaries 

(Chapter 4). This is significant for the delineation of different glaciofluvial units 

(commonly ‘lumped’ as single lithostratigraphic units), which incise and cross cut each 

other and older stratigraphies (including till sheets), resulting in complex subsurface 

spatial relationships and geometries (Chapters 3, 4). Of utmost importance, this research 

highlights the significance of AEA’s inherently ‘built-in’ tool for genetic interpretation 

(derived from previous work of Allen, 1968 and others, and facies models; Chapter 1), 

which allows understanding of autogenic and allogenic controls on the deposition of 

glacial deposits and evolution of the sedimentary architecture, and provides a robust 

methodology for paleoenvironmental reconstruction, which may be utilized for analysis 

of sediments exposied in outrop, core, and at modern ice margins, and applied to 

sediments deposited in different depositional environments (Chapters 2-4). 
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Fig. 5.1 Hierarchies of bounding surfaces and units as delineated in this research through 

analysis of glacial sediments at a modern glacial landscape (Chapter 3), exposed in 

outcrop (Chapter 2), and recovered in fully-cored boreholes (Chapter 4). 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

337 

 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

338 

 

5.2 FUTURE WORK 

The research contained within this thesis presents a ‘glimmer’ of the potential of 

AEA for characterizing the sedimentary architecture within glacial deposits. This is an 

exciting area of research that requires additional exploration, particularly at modern ice 

margins which provide a ‘living laboratory’ for real-time observation of depositional 

processes, ice margin fluctuations, and landscape evolution. It is important to study and 

record the detailed sedimentology, landforms, and depositional and erosional processes at 

modern ice margins, specifically those which are experiencing rapid retreat, in order to 

document their evolution and preserve a record of these events for future studies. The 

Sólheimajökull architectural model, presented in this research, would benefit from 

continued research at this site (specifically to document the geomorphic impact of rapid 

ice margin retreat) and data collection should extend beyond the geographic limits 

utilized in this study in order capture a more complete record of the landsystem 

architecture. Documentation of these processes and deposits in a digital geospatial format 

(accompanied by hand drawn field sketches and notes) is most effective and easily 

translatable for other research purposes. With the increasing development of robust 

geographic information systems (GIS) and 3-dimensional computer modeling software, 

accessibility of GIS software in the form of handheld mobile systems, and the need for 

quantitative and spatial field-based data (for applications such as land use planning and 

groundwater investigations), comes the need for digital data collection, database 

management, and a platform to facilitate geospatial data exchange between researchers 

(e.g. National Snow & Ice Data Centre, and the Nordic Data Grid Facility). The costs 
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associated with travel required for fieldwork at modern ice margins and licenses for 

robust computer software are quite high; however, the development of free geospatial 

applications such as Google Earth © allows important field reconnaissance to be 

conducted prior to travel. Investigations based on remote-sensing of historical and recent 

imagery of modern ice margins, and high-resolution terrain data (e.g. LiDAR), have great 

future potential for delineating sedimentary architectures, and will provide interesting and 

cost-effective research avenues in the area of ‘glacial architectural element analysis’. 

Modern ice margins provide modern analogues which can be utilized to 

understand glacial depositional and erosional processes and the environmental controls 

involved in the formation of sedimentary architectures that characterize deeply buried 

Quaternary glacial successions. However, subglacial depositional environments are 

difficult to access at modern ice margins and hence the formation of tills is still poorly 

understood. Characterizing the heterogeneity of till sheets from sediments exposed in 

outcrop is imperative for understanding their depositional history, and there is great need 

for more detailed sedimentological data to support theoretical models of till formation. 

With increasing population growth in areas that are dependent on groundwater for a 

source of potable water, such as many communities in southern Ontario, the methodology 

of ‘glacial architectural element analysis’ will be crucial. Integration of other data types, 

such as geophysical and hydrogeological data, will undoubtedly help to refine and 

improve the accuracy of sedimentary architectural models and provide insight to the 

significance of different aspects of architectural elements for hydrogeological purposes. 

In the Georgetown area, it would be beneficial to continue this subsurface architectural 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

340 

 

work by integrating geophysical data from wireline logs and surface geophysical surveys 

(specifically in areas where fully-cored boreholes are absent), with detailed analysis of 

sediments recovered from new fully cored boreholes. Additionally, this work would 

benefit from the integration of landform analysis to refine the near-surface elements of 

the architectural model.  

A detailed study of the local-scale hydrogeology of the Georgetown area (e.g. 

geochemical tracer tests, a field plan for a series of pumping tests, thermal data from 

surface water) would likely provide insight into the local-scale connectivity and geometry 

of coarse-grained and fine-grained units. Architectural components (fifth-order surfaces) 

and architectural units (sixth-order surfaces; Fig. 5.1) are ‘geometric objects’ that may 

facilitate the translation of geologic data (presented here) to a format that is useful for 

hydrogeological applications and computer object-based modeling (see Klingbeil et al., 

1999; Deutsch and Tran, 2002) by assigning quantitative values to objects (e.g. hydraulic 

conductivity; Anderson, 1989), constrained by the surface hierarchy. The nested 

architectural framework, as presented in this thesis, preserves the detailed sedimentary 

complexity (architectural elements, or surface features; Fig. 5.1) within the large-scale 

geologic framework (Chapter 4). This nested framework facilitates a ‘magnifying glass’ 

approach, whereby investigation of local-scale heterogeneity may be represented by high-

resolution units (architectural elements) and connected to larger-scale mappable units 

(architectural units or element associations; Fig. 5.1) by higher-order bounding surfaces 

(fifth- to seventh-order) with increasing distance from the area of interest. This is an 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

341 

 

exciting area of future research that will undoubtedly require collaboration of workers in 

different fields of expertise.  

The methodology of AEA for the analysis of glacial sedimentary architectures, as 

developed and utilized in this thesis, and results obtained in this research can be applied 

as a framework to understand the heterogeneity and architecture of glacial successions in 

similar study areas in southern Ontario and Illinois, and previously glaciated regions and 

modern glacial landscapes elsewhere. AEA, as demonstrated here, may provide insight to 

the hydrostratigraphy and spatial relationship of aquifers and aquitards, facilitate the 

translation of field-based geologic data to a format useful for hydrogeologic 

investigations (e.g. object- and surface-based models, and translation to quantitative data), 

and enhance the accuracy of regional three-dimensional geologic and hydrogeologic 

models.  
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Fig. A1. Annotated field photographs of sediments and landsystem tracts, annotated with 

bounding surfaces, recorded at Sólheimajökull, Iceland. 

A. Chute channel on the fan terrace component (jökulhlaup landsystem tract) between transects 7 and 8. 

The photo is taken approximately 200 m north of transect 8. 

B. Fifth-order bounding surface separating the fan terrace component and trunk channel of the channelized 

boulder terrace component (jökulhlaup landsystem tract) between transects 7 and 8. The location of the 

photo in ‘A’ is indicated in the top right corner. The photo is taken approximately 150 m north of transect 8. 

C. Fourth-order bounding surface separating the boulder field and chutes and trunk channel of the 

channelized boulder terrace component (jökulhlaup landsystem tract) at transect 8. The location of the 

photo in ‘B’ is indicated in the centre-right of the photo. The photo is taken at the location of transect 8. 

D. A sixth-order bounding surface separates the till plain component (ice contact landsystem tract), 

jökulhlaup landsystem tract (boulder field of the channelized boulder terrace component), and glaciofluvial 

landsystem tract (terraced channel fill component). The photo is taken approximately 100 m south of the 

location of transect 8. 

E. Circular depression and linear ridges in the boulder field of the channelized boulder field component. 

F. Fifth-order bounding surfaces separate individual terraced channel fill components (glaciofluvial 

landsystem tract). The location of the photos in ‘D’ and ‘H’ are indicated in the left and centre of the photo, 

respectively. The photo is taken at the location of transect 8. 

G. A sixth-order surface separates the ice contact and glaciofluvial landsystem tracts. Fourth-order surfaces 

delineate bars and channels. The location of the sedimentary log ‘I’ is labeled by ‘L1’ in the top-left corner 

of the photo. The photo is taken at the location of transects 4 and 5. 

H. A sixth-order bounding surface separates the ice contact landsystem tract (till plain component) from the 

glaciofluvial landsystem tract. Fourth-order surfaces separate channels and bars in the Jökulsá valley. A 

terraced channel fill component (fifth-order surface; glaciofluvial landsystem tract) and the jökulhlaup 

landsystem tract (sixth-order surface) can be seen in the distance. The location of the sedimentary log in ‘J’ 

is labeled by ‘L2’ in the left-centre of the photo. The photo is taken approximately 250 m south of transect 

9.  

I. Photo of three diamict beds (i, ii) exposed in an outcrop section incised into a drumlin of the till plain 

component along a terrace wall of the glaciofluvial landsystem tract. A sedimentary log (L1) is 

superimposed on the photo. Refer to ‘G’ and Fig. 3.3 for the location of L1. 

J. Photo of sediments exposed in an outcrop section incised into a moraine of the till plain component along 

a terrace wall of the Jökulsá valley. A sedimentary log (L2) , the 2-dimensional geometry of diamicts and 

coarse-grained interbeds (ice contact landsystem tract) and gravels (glaciofluvial landsystem tract), and 

bounding surfaces are annotated on the photo. Refer to ‘H’ and Fig. 3.3for the location of L2.   

 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

346 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis –J. Slomka; McMaster University–School of Geography and Earth Sciences 

 

347 

 

 

 

 

 


