
 

 

TESTING THE USE OF ANISOTROPY OF MAGNETIC 

SUSCEPTIBILITY (AMS) IN DETERMINING GENETIC ORIGINS 

OF PALEOPROTEROZOIC DIAMICTITES 

 

by 

 

Miles A. Harbury 

 

 

 

 

 

 

A Thesis Submitted in 

Partial Fulfillment of the 

Requirements for the Degree of 

 

Master of Science 

 in Geology 

 

at 

The University of Wisconsin-Milwaukee 

August 2023 

 

 



ii  

 

ABSTRACT 

TESTING THE USE OF ANISOTROPY OF MAGNETIC 

SUSCEPTIBILITY (AMS) IN DETERMINING GENETIC ORIGINS 

OF PALEOPROTEROZOIC DIAMICTITES 

by 

Miles A. Harbury 

 

The University of Wisconsin-Milwaukee, 2023 

Under the Supervision of Professors Julie Bowles and John Isbell 

 

 

The Huronian Supergroup (2.4-2.1 Ga) in Ontario, Canada is widely accepted as an important 

stratigraphic interval for interpreting Paleoproterozoic climate. This is because it contains some 

of the oldest glaciogenic rocks on the planet. However, massive and poorly-stratified 

diamictites in the Gowganda Formation of the Huronian Supergroup have varying depositional 

interpretations among sedimentologists (subglacial, rainout, sediment gravity flow etc.). 

Diamictites can occur from a variety of processes and, therefore, proper depositional 

interpretation is essential for unraveling detailed environmental conditions at the time of 

deposition. 

 

Anisotropy of magnetic susceptibility (AMS) looks at the orientation of magnetic particles 

within a rock and coupled with sedimentary investigation, can help interpret depositional 

processes. Rock magnetic data show that magnetism is carried by multi-vortex 

(titano)magnetite in fine-grained facies and includes the addition of a higher- coercivity 

contribution (potentially diagenetic goethite) in some sandstone facies. Most magnetic fabrics 
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are oblate in shape and oriented transverse to flow, although vertical fabrics were found in sites 

that exhibited substantial deformation or dewatering. Results and observations from this project 

suggest that Gowganda sedimentation was dominated by sediment gravity flows, deposited on 

a marine post-glacial slope with a southwestern transport direction. Interpretation of 

depositional processes through a combination of AMS and sedimentologic observation provide 

a more comprehensive understanding of the environmental conditions controlling deposition, 

and in this case, painting a more elaborate picture of Paleoproterozoic climate transitions.   

 

In contrast with subglacially derived diamictites, which are deposited directly under glacial ice, 

those produced by sediment gravity flows suggest a more glacially distal to non- glacial 

environment. The presence of bedded diamictites, water escape structures, quarter structures 

around clasts, a general lack of shear horizons and striated/faceted clasts as well as an abundance 

of flow-transvers magnetic fabrics observed in most Gowganda facies suggest this more distal 

environment. However, subglacial deformation and deposition cannot be entirely ruled out for 

one oriented and striated boulder bed horizon producing flow-aligned magnetic fabrics; both 

characteristics of subglacial processes. 
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Introduction 

Huronian Glaciation  

The Huronian Supergroup, deposited on the southern margin of the Superior craton,(Ḑ σπЈ 

north of the equator and 2.4-2.1 Ga) is a cyclic succession (~12,000 m thick) of diamictite 

facies followed by coarsening upward packages of laminated, siltstone and sandstones (e.g. 

Young, 1991; Fig. 1). Three diamictite bearing units are widely acknowledged as glacially-

derived, beginning with the Ramsey Lake Formation of the Hough Lake Group, the Bruce 

Formation of the Quark Lake Group, and the Gowganda Formation of the Cobalt Group (The 

focus of this project; Figure 1). One early interpretation of the Huronian diamictites states that 

glaciogenic deposition occurred as basin level was shallow, followed by rapid downwarp as a 

result of weight applied to the basin by advancing glacial ice, subsiding to the point where fine 

grained sediments were deposited. This was followed by a reactionary uplift (glacial rebound) 

after ice retreated and another then another similar cycle (Frarey and Roscoe, 1970). Young 

(1991) and Casshyap (1969) both suggested that glaciation is key to the stratigraphic cyclicity 

of diamictite facies during the Huronian succession and that these sediments are evidence of 

glacial advance and retreat. 

 

The Gowganda Formation 

The Gowganda Formation is the latest glacial cycle in the Huronian Supergroup and represents 

the beginning of the end of the Huronian glaciation and a transition out of a ñSnowball Earthò 

period. It outcrops in Ontario Canada, north of Lake Huron near the towns of Elliot Lake, Bruce 

Mines, Whitefish Falls, and Cobalt (Figure 2). Like most of the Huronian Supergroup, the 
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Gowganda includes massive, poorly sorted diamictite followed by coarsening upward sequences 

(Figure 1), however the presence of bedded diamictites and laminated laminated facies are 

Figure 1:  Stratigraphy of the 

Huronian Supergroup 

highlighting the Gowganda 

FM (Young, 1991). 

 

Figure 2:  Gowganda outcrop locations throughout Ontario (left) and investigated outcrops north of Elliot Lake 

(right). 
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unique to the Gowganda.  Interpretations of Gowganda diamictite depositional processes differ 

among geologists. Some argue for sub-glacial derivation (Lindsey, 1969; Mustard and 

Donaldson, 1987; Menzies, 2000) and some arguing in favor of deposition by mass 

transport/sediment gravity flows (Miall, 1983; 1985). These hypotheses suggest different origins: 

a possible difference in climatic setting and proximity to glacial ice. Therefore, this study will 

contrast subglacially derived diamictites (deposited under a glacier) with those produced by 

mass-transport or sediment gravity flows (deposited away from glacial ice or in non-glacial 

settings). Deciphering between these processes will heighten our understanding of 

Paleoproterozoic glaciation, and climate at the end of the Huronian ñSnowball Earthò period. 

 

Diamictite forming processes 

Diamictites form by a variety of processes, each representing different environmental conditions 

and proximity to glacial ice: settling of fines from meltwater plumes while coarse debris is 

released from floating ice, sedimentary mass-transport (slides, slumps), sediment gravity flows 

(debris flows, concentrated density flows, turbidites), or subglacially as lodgement till (Figure 3; 

Eyles, 1987; Benn and Evans, 2010; Vesely, 2020;  Isbell et al., 2021). Although distinguishing 

between diamictite-forming processes can prove extremely difficult, examination of sedimentary 

characteristics (micro and macro scale) can aid in the interpretation of diamictite genetic origins 

(Menzies, 2022). 
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In the absence of (or to supplement) visual evidence like striated clasts, pebble fabrics, and 

sedimentary structures, it is helpful to ñzoom inò to the diamictites fine-grained matrix and 

observe a sample on a micro scale. Magnetite or other magnetic minerals are often found in 

glaciogenic sediments where the host rock was completely pulverized, and the particles can 

move independently due to various geomorphic processes. The preferred alignment, or the lack 

thereof, of these magnetic particles (magnetic fabric) can be observed through the statistical 

alignment of magnetic particles, (anisotropy of magnetic susceptibility; AMS) and used as a 

proxy for rock fabric to be used in interpretation of relative shear-stress applied during 

deposition and the direction of sedimentary transport (Eyles, 1987; Hooyer et al., 2008; Iverson, 

1997). 

 

Rain-out/ice-rafting 

Rafted debris is a major component of glacimarine sediment and can provide information on the 

extent of glacial processes and the characteristics of glaciomarine conditions. Sediment is 

actively incorporated onto ice via glacial erosion, colluvial, fluvial, and aeolian processes and/or 

frozen into ice via the littoral environment. These sediments are then distributed through bergs or 

sea ice resulting in the liberation of ice rafted debris as rain-out or dump (Gilbert, 1990). 

Outsized clasts that have rained-out from floating ice (drop-stones) induce bending, penetration, 

Figure 3:  Main diamictite-forming processes (Eyles, 1987). 

Subaqueous ñRain-outò Subaerial-Subaqueous mudflow Lodgement 
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rucking, and rupture of underlying sedimentary layers as well as the bending, on-lap, and rupture 

of proceeding sedimentary layers (Figure 4; Thomas and Connell, 1985). Preferred orientation of 

a drop-stoneôs long-axis may be vertical in sediments soft enough to allow penetration but firm 

enough to preserve the clastôs orientation as it falls thought the water column. In sediments that 

are either very soft or extremely compacted, clasts tend to fall on their side after impact.  It is 

important to note that the presence of rafted debris may not be directly correlated with glacial 

events, just as the absence of rafted debris is not substantial evidence of a non-glacial 

environment (Gilbert, 1990). Sea and lake ice can also raft particles (Lisitzin, 2002; Tremblay et 

al. 2015). 

 

Sedimentary Mass-transport  

Sedimentary mass-transport events can be split into two types: slides and slumps. Slides often 

leave internal structures within a block undisturbed as they move down a slope but may 

exhibit compressional or tensional deformation. Slumps show more extensive internal 

deformation within transported blocks that on large scales may look similar to glaciotectonics. 

Consideration of paleoslope/paleotopography and surrounding facies is required for accurate 

Figure 4:  Contacts 

between dropstones 

and sedimentary 

layers (Thomas and 

Connell, 1985). 



6 

 

interpretation. If transport occurs over long-distance and sufficient water is added to the 

matrix, slumps and slides can disaggregate, generating debris flows and turbidites (Benn and 

Evans, 2010; Rodrigues et al., 2020; Isbell et al., 2021). 

 

 

Sediment gravity flows 

Sediment gravity flows (SGFs; Figure 5) are gravity-driven flows of sediment and water 

involving grainïgrain and grainïfluid interactions (Figure 5; Hutter and Rajagopal, 1994; 

Iverson, 1997; Mulder and Alexander, 2001; Talling et al., 2012; Pickering and Hiscott, 2016). 

Initially, gravity acts on solid particles in the mixture, inducing downslope flow, gravity pulling 

the grains and the grains pulling the water. If sufficient potential energy is converted into kinetic 

energy, transport is induced and will continue if the shear stress generated by the downslope 

gravity component exceeds frictional resistance to flow and if the grains are inhibited from 

settling by one of several support mechanisms (turbulence, buoyancy, grain interaction, poor 

pressure, or matrix strength; Pickering and Hiscott, 2016). The presence or absence of matrix 

affects cohesion of SGFs and plays a major role in depositional character and behavior (Eyles, 

1987). Flows with high mud content are more cohesive and will cease to move if the downslope 

component of gravity is not sufficient to generate the required shear stress along the basal surface 

of the flow. Once moving, matrix strength is believed to play a role in reducing the tendency to 

overcome a certain amount of residual frictional and cohesive strength necessary for large clasts 

to settle (Pickering and Hiscott, 2016).   
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Depositing sheet-like or lobate masses that range from centimeters to hundreds of meters thick 

and containing a wide range of particle size, SGFs can occur incrementally (alternating low/high 

density deposits i.e. turbidites/concentrated density flows) or en masse, producing ungraded 

debris flow deposits (Talling et al., 2012). The concentration of cohesive mud in a flow changes 

flow viscosity profoundly affecting turbulence, processes of sediment deposition, resulting 

deposit types, and whether bedforms develop (Iverson, 1997; Sumner et al., 2009; Baas et al., 

2011). SGFs are subdivided according to their rheological behavior into cohesive (debris flows), 

non-cohesive flows (inflated sand flows), concentrated density flows (high-density turbidity 

currents), and turbidity currents (low-density turbidity currents), and can transition between 

subdivisions (phases) within one flow event (Pickering and Hiscott, 2016) (Figure 6). 

 

Cohesive flows, which have matrix strength resulting from electrostatic attraction between mud 

particles, differ from other flows by their pseudoplastic rheology, and do not tend to become 

diluted by particle loss (via deposition) or entrainment of ambient water. Debris flows have 

cohesive mud contents sufficient to support sand grains and typically contain sand and mud.  

Figure 6: SGF diagram depicting multiple phases of flow transition. (Pickering and Hiscott, 2016)  
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Flows with higher cohesive strength may have the ability to carry outsized clasts whereas flows 

with lower cohesive strength may contain only mud and sand (Talling et al., 2012; Pickering and 

Hiscott, 2016).  

 

The origin and transport process of poorly cohesive debris flows are not yet well-understood. 

However, a continuum exists between non-cohesive and cohesive flows, as the amount of fine-

mud increases (Talling et al., 2012). Non-cohesive flows (inflated sand flows) lack mud 

altogether and consist of well to poorly sorted sand to pebble-sized gravel, with ice-proximal 

flows containing an abundance of boulder-sized material. Generally deposited incrementally, 

cohesionless flows are commonly erosive at their base and can form deep, channelized scours 

incorporating underlying material into the flow and sometimes producing inverse grading above 

the basal contact either by kinetic sieving or by dispersive pressure, generated by colliding grains 

(Ben and Evans, 2010; Pickering and Hiscott, 2016; Talling et al., 2012). The behavior of non-

cohesive flows is related directly to the relative proportion of grains and water. Liquified or 

fluidized sandy flows may exhibit dewatering structures, evidence of the upward displacement of 

sediment by escaping pore fluid, and may include subvertical pipes, swirled laminations, and 

dish structures (Young, 1991; Ben & Evans, 2010). Clasts in non-cohesive flows typically show a 

strong long-axis orientation and imbrication in the direction of flow resulting from the rotation of 

clasts in a shearing medium (Massari, 1984; Ben and Evans 2010). 

 

Low-density flows (turbidity currents) are fully turbulent at their bed, allowing deposition of 

plane bed laminations and ripple cross-laminated intervals (Baas et al., 2011), and the tapering of 

turbidite beds as a result of unhindered settling (Talling et al., 2007c). In contrast, high-density 
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flows (concentrated density flows) have higher sediment concentration near their bed leading to 

the rapid deposition and damping of turbulence, hindered settling and a lack of bedforms (Talling 

et al., 2012).  In both high and low-density flows, deposition occurs as flows slow or become 

less turbulent, reflecting the rapid deposition of course material and the transport of fine 

sediment into deeper water (Ben & Evans, 2010). Repeated divisions are thought to form by 

pulsed flows (Haughton, 1994) and it is suggested that outsized clasts can be transported by 

gliding along boundaries between regions of contrasting density (Postma, 1988b).   

 

 

Glacial tills  

Glacial tills are produced from the subglacial deposition or erosion of sediment and can undergo 

a wide range of deformation. Tills can be categorized between two endmembers: traction till 

(Evans et al., 2006; Evans et al., 2018) and glacial tectomict (Menzies et al., 2006), based on 

degree of deformation. Observations on contemporary glaciers reveal that beds are most likely 

mosaics of deformation and sliding, and warm based and cold based conditions. Spatial and 

temporal variability in ice-bed coupling due to changes in pressure distribution of the basal water 

system leads to variability in basal motion mechanics, resulting in a patchwork of sticky spots 

and areas of stick-slip sliding (Fischer et al., 1999; Fischer and Clarke, 2001; Evans et al., 

2006). It is extremely likely that most tills in the geological record are hybrids, produced by the 

range of processes operating in the subglacial traction zone (Evans et al., 2006).  

 

Traction till (Figure 7A; Dreimanis, 1989) is sediment deposited by plastering of glacial debris 

from a sliding glacier sole due to pressure melting or other mechanical processes (Dreimanis, 
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1989; Evans et al., 2006). Often overconsolidated (Ben and Evans, 1998), traction till deposits 

can be massive but often show subhorizontal jointing (shear-planes), and typically display bi-

modal to multi-modal grainsize distribution with distinct peaks in the silt and gravel size range 

depending on the integrity of host-rock lithology (Haldorsen, 1981). Commonly imbricated 

upglacier with an A-B plane (long axis ï intermediate axis) parallel to the plane of shear, clasts 

in traction tills show strong preferred orientation parallel with glacial flow and are typically 

asymmetrical and elongate (bullet shaped) with smooth stoss sides (upglacier) and 

fractured/plucked lee sides (downglacier) (Boulton, 1978; Benn, 1994a). Perhaps the most telling 

feature in differentiating glacial tills from other diamictite deposits is the upward increase of 

shear stress in sediments nearer to (but only below) a shear plane (Figure 8). Fine-grained tills 

with a small numbers of clasts facilitate sliding and clast ploughing, when porewater pressure is 

high enough, lowering the effective stress of the substrate, and basal shear stress is not high 

A B C 

D 

Figure 7:   

A) Highly fissile, compacted diamicton with bullet-shaped and facetted clasts, typical of subglacial lodgement 

till.  B) soft sediment intra-till lens, typical of melt-out till. C) single horizontal stringer of stratified sand in till 

matrix interpreted as the product of thin water films at the ice-bed interface (Photo by Jan Piotrowski). D) 

Glacitectonically thrust and stacked slices of siltstone bedrock grading vertically to subglacial till (Hiemstra, and 

Rijsdijk 2003). E)  Deformation till showing fold structures due to preferential weathering of sand-rich intra-till 

wisps (Evans et al., 2006). 

E 
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enough to deform sediment at depth. 

producing a shear zone of as thin as 0.01 m 

but can grow thicker as shearing persists 

over time (Tulaczyk, 1999; Evans et al., 

2006).  

 

Often associated with coarse-grained tills, 

glacial tectomict (Figure 7D) is rock or 

sediment that has been structurally 

deformed by subglacial shearing but retains 

some of the structural characteristics of the 

parent material, reflecting its strain history 

and often producing folds or breccias along 

fault planes (Benn and Evans, 2010; Menzies et al., 2006). A result of strong ice-till coupling, 

deformation can reach depths over 1 m into the substrate (Tulaczyk, 1999; Evans et al., 2006). 

Under low shear-strain, glacial tectomicts undergo brittle deformation and may take-on 

characteristics similar to lodgment till (bullet-shaped clasts aligned parallel to glacial flow). 

Under high shear-strain however, glacial tectomicts experience ductile deformation, developing 

subhorizontal banding that is usually lithologically distinct. Deformation ranges from the 

bending of sediment around deforming material, displaying asymmetric folds around clasts, to 

large-scale folding of till bands, and can potentially be mistaken for debris flow deposits (Hart & 

Roberts, 1994; Ben and Evans, 2010). Glacial tectomicts commonly display increasing 

deformation up a vertical section from mildly distorted to total disaggregation, homogenized by 

Figure 8:  Idealized reconstruction of the subglacial 

deforming till layer and the development of porewater 

migration pathways, till-matrix framework and till 

pebbles and their relationship to horizon development and 

geotechnical properties (Evans 2006). 
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shearing (ñdeformation tillò) and include a higher percentage of fractured clasts with a more 

spatially consistent preferred orientation compared to clasts in debris flow deposits.   

 

Rock Magnetic Properties 

Magnetic properties arise from the motion of electrically charged subatomic particles (Tarling 

and Hrouda, 1993; Tauxe et al., 2018), indicating that all materials are susceptible to magnetism, 

even those that do not hold it permanently. Magnetic susceptibility is a parameter used to 

describe the nature and intensity of a materialôs response to an external magnetic field. 

Susceptibility can be represented by the equation M = ɢB, where B is the strength of the applied 

magnetic field, M is the strength of the induced magnetization, and ɢ is a constant of 

proportionality defined as susceptibility, which can be used as a (unitless) scalar or as a tensor 

where it is directionally dependent as in AMS studies (Amato, 2017).   

 

Types of Magnetism 

Depending on the nature of magnetization, materials can be classified based on how they 

respond to an applied field either as diamagnetic, paramagnetic, or ferromagnetic (Figure 9) 

(Tarling and Hrouda, 1993; Tauxe et al., 2018). Diamagnetic materials (Figure 9a) like calcite 

and quartz have low or negative susceptibility, typically on the order of 10-5 to 10-6 SI-units 

(Tarling and Hrouda, 1993; Baas et al., 2007) and magnetization is induced in the direction 

opposite to the applied field. In paramagnetic material (Figure 9b) like olivine, amphibole, 

pyroxene, and biotite, magnetism is induced in the same direction as the applied field and has a 

positive susceptibility, typically on the order of 10-2 to 10-4 SI-units (Tarling and Hrouda, 1993; 
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Baas et al., 2007). Both 

diamagnetic and paramagnetic 

materials do not hold magnetic 

remanence and loose magnetization 

as soon as the field is removed. 

 

Materials that carry magnetism 

after the removal of an applied 

field are ferromagnetic (sensu lato) 

and hold remanent (permanent) 

magnetization (Figure 9c) on the 

order of 10-2 to 100 SI-units 

(Tarling and Hrouda, 1993; Baas et 

al., 2007). Ferromagnetic (sensu 

lato) materials can be separated 

into three types: ferromagnetic 

(sensu stricto) (e.g., Fe0, Figure 

9c), ferrimagnetic (e.g., magnetite) and antiferromagnetic (e.g., hematite). Only a very small 

fraction of ferromagnetic minerals is needed (~0.1% volume of the whole rock) to control the 

susceptibility anisotropy of a sample (Tarling and Hrouda, 1993). In the absence of 

ferromagnetic minerals, paramagnetic contributions tend to dominate over diamagnetic 

contributions provided they comprise more than 1% of the rock (Tarling and Hrouda, 1993). 

 

Figure 9:  Illustration depicting the three different classes of 

magnetization and arrangement of electron spins, both in the 

presence and absence of an applied field. Black arrows to the 

left of boxes show the orientation of the applied field, and 

white arrows to the right of boxes show the orientation of the 

resulting magnetization. Figure used from Tarling and 

Hrouda, 1993). 
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Domain state 

On subatomic level, magnetization of paramagnetic and ferromagnetic materials arises from 

unpaired electron spins. Electron spins seek the most efficient configuration to minimize total 

energy (Figure 10). In small particles of magnetite (< 40 nm), electron spins are parallel, and the 

particle is uniformly magnetized throughout (single domain, SD). As particle size increases (Ḑ80 

nm), the lowest energy configuration involves a non-uniform spin structure where the particle is 

sub-divided into multiple uniformly magnetized domains, separated by domain walls (multi-

domain, MD). Between SD and MD are a range of nonuniform spin structures such as flower or 

vortex (Tauxe et al., 2018), a state sometimes referred to as ñpseudo-single domain (PSD)ò. 

 

Hysteresis data can help in identifying a sampleôs dominant type of magnetism and domain-state 

and can be collected at room temperature using a vibrating sample magnetometer (VSM). The 

VSM measures a sampleôs magnetization in an applied field by mechanically vibrating the 

sample between a system of pickup coils. B is cycled from zero to +1T, back to zero to -1T, 

while magnetization (M) values are measured (Tauxe et al., 2018). The shape of the hysteresis 

Figure 10:  Diagram of single domain and multiple domain magnetic particles as related to grain 

size.  Figure modified after Butler, 1992. 
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loop is dictated by the magnitude of the maximum possible magnetization (saturation 

magnetization, Ms), the magnetization able to be stored in the rock in zero field (remnant 

magnetization, Mr), and the strength of the inducing field where magnetization is equal to zero 

(magnetic coercivity, Bc) (Figure 11). By observing the shape of the hysteresis loop, general 

information about the magnetic contributions of a sample can be inferred. 

 

Since diamagnetic and paramagnetic minerals do not carry remanent magnetization, they have 

null values of coercivity and saturation remanent magnetization and thus have no magnetic 

hysteresis. They also do not saturate in normal laboratory fields and therefore only show linear 

negative and positive relationships respectively (Tauxe et al., 2018). Ferromagnetic minerals 

carry remanent magnetization and thus retain magnetization in zero field.  Their coercivity is 

dependent upon grain size and composition. As SD grains possess high values of coercivity, their 

loops tend to be more open than those of vortex or MD grains and they have higher values of 

Mr/Ms. 

Figure 11: Idealized hysteresis 

loops of end-member behaviors: 

(a) diamagnetic, (b) paramagnetic, 

(c) Ferromagnetic. The size 

(thickness) of the loop in (c) 

reflects differences in 

ferromagnetic grain sizes. 

Figure from Tauxe et al., 2018. 
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For mixtures of dia/paramagnetic and ferromagnetic populations, we can subtract the linear 

paramagnetic or diamagnetic susceptibility at high-fields (Xhs), to isolate the ferromagnetic 

signal. To estimate average ferromagnetic domain state, hysteresis parameters are often 

summarized on a Day plot (Day et al., 1977) of ὓr/ὓs vs ὄcr/ὄc (Bcr = coercivity of remanent 

magnetization) (Figure 12). Dunlop (2002) made theoretical calculations of hysteresis 

parameters for magnetite in different domain states (and mixtures of domain states). While 

helpful for identifying trends within or between data sets, the Day plot is less useful for 

identifying specific domain states in natural materials which typically have complex mixtures of 

magnetic mineralogy and grain size (Roberts et al., 2018). 

 

 

 

Figure 12: Theoretical Day plot 

curves for magnetite showing 

regional locations for domain states 

and domain state mixtures; purple 

(SD), blue (PSD), green (MD), 

yellow (SP-SD). Figure from 

Dunlop, 2002. 
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Magnetic Mineralogy 

Magnetic mineralogy can sometimes be identified by the temperature at which a sampleôs 

behavior transitions from ferromagnetic to paramagnetic (Curie temperature, Tc) by measuring 

susceptibility as a function of temperature (Hrouda, 1994) (Figure 13). Above Tc, magnetic 

exchange energy (related to the passing of electrons between atoms) is exceeded by thermal 

energy, resulting in thermal demagnetization of the ferromagnetic magnetization (Tarling and 

Hrouda, 1993). Compositionally dependent, Tc can be used to infer dominant mineralogy 

responsible for a sampleôs magnetism. Magnetite can also be identified at low temperatures by a 

dramatic changes in magnetism at T=120K (Verwey Transition), undergoing reversible 

transformations in magnetic properties, lattice structure, and electrical conductivity (Garc²a and 

Sub²as, 2004). 

 

 

 

Figure 13:  Curie temperature curves of 

sample EL5-3 (susceptibility as a product 

of temperature).  The red line represents 

changes in susceptibility while heating, the 

blue line represents changes in 

susceptibility while cooling.  This 

particular curve shows a Curie 

temperature of ~580°C, indicating that 

magnetite is the dominant source of 

magnetism in this sample.   

EL5-3 
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Magnetic Anisotropy 

The minimization of energy within a magnetic particle leads to anisotropy in magnetization at 

the grain (or crystal) level. Certain directions of magnetization are at lower energy than others, 

resulting in an ñeasy axisò of magnetization. This preferred direction of magnetization is 

influenced by either the crystal lattice or crystal shape. Magnetocrystalline anisotropy results 

from lattice forces acting on electron spin configurations, resulting in magnetization along a 

specific crystallographic axis or plane (Tarling and Hrouda, 1993). Shape anisotropy arises from 

the interaction between magnetization and an internal demagnetizing field. This interaction 

results from the alignment of poles (surface charges) at opposite ends of each grain (Butler, 

1992). In shape anisotropy, the preferred magnetization is normally oriented along the long axis 

of the grain to minimize its total energy. Both magnetocrystaline anisotropy and shape anisotropy 

are dependent upon a materialôs magnetic mineralogy and grain size. For most naturally 

occurring minerals, shape anisotropy controls the magnetization direction, which means 

magnetic measurements can be useful in quantifying deformation features in rocks (petrofabrics) 

(Potter and Stephenson, 1988).  

 

So long as the physical orientation of the magnetic grains does not change after deposition, AMS 

fabric is unaffected by later changes in the remanent magnetization (remagnetization). If 

diagenesis is accompanied by the formation of new magnetic minerals, the fabric could be 

altered. However, any diagenetic minerals growing in or around pre-existing particles are likely 

to inherit the anisotropy of the depositional fabric. 



20 

 

At the grain or the rock scale, AMS is geometrically represented by a susceptibility ellipsoid with 

three principal axes:  k1(max), k2, k3(min) (Figure 14a), which describe the orientation of the 

eigenvectors of the susceptibility tensor. Additionally, each of these eigenvectors has an 

eigenvalue (Ű1, Ű2, and Ű3 respectively) which are used to describe magnitude of the susceptibility 

axis and indicate shape of the ellipsoid (oblate, prolate, and triaxial). Directions of these 

principal axes are plotted on a lower hemisphere equal area (LHEA) stereonet projection (Figure 

15).   

Figure 14:   

A)  Model of a magnetic susceptibility ellipsoid displaying three perpendicular axes (eigenvectors) (Chadima 

2021). 

B)  Imbrication of susceptibility ellipsoids as a result of fluid flow (Hailwood & Ding 2000). 

A B 

Figure 15:. (a-d) Example datasets, plotted as eigenvector directions from individual specimens.  

Figure modified after Tauxe et al., 2018.  



21 

 

 

 AMS has been used in several studies regarding glaciogenic and geomorphologic features to 

infer the directional force applied to those sediments by observing the orientation of silt-sized 

magnetic particles within the deposits (Hooyer et al., 2008; Ives and Iverson, 2019). In this way, 

AMS can be an indicator of sedimentary transport direction (Figure 14b). There are four primary 

fabric patterns associated with different depositional processes: (1) horizontal fabric, (2) flow-

aligned fabric, (3) flow-transverse fabric, (4) flow-oblique fabric (Figure 16) (Baas et al., 2011). 

Flow-aligned and flow-transverse fabrics are common in subaqueous debris flows, but flow-

oblique fabrics have also been observed (Rees, 1983). 

 

When grains are deposited in a low energy environment and fall through a still column of water 

(or air), the dominant influence on particle orientation is gravity. If the surface of deposition is 

horizontal, the long (k1) and intermediate (k2) grain axes will be almost parallel to the plane, and 

the short axes (k3) perpendicular (Figure 16a). Common in lacustrine and marine environments, 

thisļhorizontal fabricĽis characterized by a weak foliation. In a glaciolacustrine or 

glaciomarine environment, sand- to boulder-sized clasts that bend or penetrate sedimentary 

layers may accompany horizontal magnetic fabrics, suggesting deposition by rainout of ice-

rafted debris.  

 

Experimental observations by Rees (1983) demonstrate that in low to medium velocity flows or 

flows with sediment concentrations <1.2% (low viscosity) and >11.1% (high viscosity) by 

volume, alignment of long axes was parallel to flow. Grains tend to imbricate up-current with 

their long axes parallel to flow (Figure 11b) resulting in a tight cluster of k3 slightly off from 
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vertical (10-30£), with a cluster of k1 dipping 

slightly from the bedding plane on an equal-area 

stereonet. This ļflow-aligned fabricĽ is usually 

accompanied by a lineation (Figure 16b) and flow 

direction is indicated by imbrication of k3 

eigenvectors deflected from vertical. 

 

Grains transported by high velocity or mid-viscosity 

flows (sediment concentration between 1.2% and 

11.1% by volume; Rees, 1983) align with their long 

axes perpendicular to flow and often are present in 

the turbulent upper portion of a bipartite flow that 

experiences deposition at high-flow regime. The 

result is a split cluster of k1 along the bedding plane, 

and a tight cluster of k3 imbricated up to 30Á from 

vertical. This óflow-transverse fabricô is commonly 

referred to as a órolling fabricô (Figure 16c) and flow 

direction is indicated by the imbrication of k3 

eigenvectors deflected from vertical. 

 

Baas et al. (2007) define a flow-oblique fabric as 

when the k1 axes are oriented at a significant angle to the main flow direction. Causes for flow-

oblique fabrics have been attributed to clast interactions in viscous flows, spatial changes in 

Figure 16: Four primary depositional fabric 

patterns in lower hemisphere equal area 

stereonet projection. Imbricated subtypes 

shown in (b), (c) and (d). Horizontal fabric 

(a) is non-imbricated by definition. Black 

arrows in drawings and stereograms denote 

flow direction. Figure used from Amato, 

2017, modified from Baas et al., 2007. 
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current direction, changes in flow regime, changes in substrate roughness, and soft sediment 

deformation (Baas et al., 2007). For the purpose of this study, a flow-oblique fabric is defined as 

when the k1 and k2 axes are oriented at ~45Á from the direction in which the k3 is deflected from 

vertical (Figure 16d; Amato, 2017) and is a strong indicator of debris flow deposits involving 

clast interactions. It should be noted that grain imbrication may or may not develop in flow-

aligned, flow-transverse, and flow-oblique fabrics. Why imbrication may not occur has not been 

thoroughly explored, but suggested causes include sudden changes in flow regimes, and 

compaction (Amato, 2017). The capability of AMS to indicate transport direction is fully reliant 

on the presence of imbricated grains. However, field observations are also important in 

identifying flows, especially if there are deposits in adjacent layers that can suggest true 

directions (rippled sands). 

 

To aid in distinguishing between a diamictite produced from SGFs and one produced 

subglacially it may be helpful to examine a rockôs magnetic fabric. It is generally agreed that the 

long axes of clasts in till are statistically aligned parallel to the direction of ice movement. 

Consequently, it would be expected that the long axes of the magnetic particles would also be 

aligned parallel to the direction of ice flow (Figure 17). However, differentiating between flow-

aligned fabrics produced subglacially and those produced by other means require field 

observations such as glacial striations and facetted clasts to make a sound interpretation of 

depositional process (Embleton and King, 1975; Gravenor et al., 1973). True tills show signs of 

shear and tend to produce triaxial magnetic fabrics at shear strains > 25 (Hooyer et al., 2008) 

with orientations of k1 and k3 susceptibility axes in the longitudinal flow plane and azimuths 

parallel to shear: k1 oriented up-flow and k3 oriented down-flow (Ives and Iverson, 2019; Figure 
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16; Flow aligned fabric). Diamictites that have experienced less shear strain may display k1 

distributed along great circles (girdles) symmetrically disposed about orientations of k3 clusters 

(Gentoso et al., 2012; Hopkins et al., 2016; Ives and Iverson, 2019). AMS fabrics infer 

sedimentary transport direction by clustering of the k3 axes (k3 axes cluster parallel to shear) and 

shed light on the amount of shear strain experienced during deposition. Because mass-transport 

and SGF deposits may undergo substantial shearing at their bases during transport, stratigraphic 

context and field observations are necessary in differentiating between subglacial shearing and 

shearing at the base of a SGF or mass-transport deposit. In tills, shear strain increases toward the 

former ice-substrate interface from below whereas mass-transport or SGF deposits show a 

decrease in shear strain above and away from the shear plane. 

 

 

 

 

Figure 17:  A, B, C:  Examples of 

flow aligned fabrics produced 

subglacially.   

D:  Flow oblique fabric generated 

by sedimentary mass transport. 

E, F: Examples of flow 

transverse-flow fabrics produced 

by sedimentary mass transport.  

(Data from Amato, 2017). 

5 9 C 
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Procedures 

Field Procedures and Sampling 

This project investigates ten outcrops of the Gowganda Formation exposed 4 to 11 km north of 

Elliot Lake, Ontario Canada along highway 108 (46Á25'17.7"N 82Á40'13.2"W to 46Á27'56.7"N 

82Á38'32.7"W) (Figure 2) using typical sedimentological surveying methods. Sedimentary units 

were photographed, measured in thickness using a Jacobôs staff and classified according to 

lithology. Clast shape, size, lithology, and abundance were noted along with grain size, bedding 

contacts, bed geometries, and sedimentary structures and drafted in stratigraphic columns to 

record field observations. Dip and dip direction were recorded from measurable bedding surfaces 

for regional dip as well as the orientation of cross stratification as an  indicator of paleocurrent 

directions.  Blocks of lithified Gowganda (here-on referred to as sites) were selected and 

sampled in the field using a rock hammer based on observed features and high matrix content, 

oriented, and labeled in the field using a north arrow, up arrow, strike, and dip and transported to 

the University of Wisconsin ï Milwaukee (UWM) for paleomagnetic core sampling.  

 

All 10 outcrops sit in the Sudbury syncline which trends and plunges west and are named in 

order from oldest (EL1 on the south side of the syncline to youngest (EL10) near the middle. It is 

reasonable to believe that tectonism occurred post-deposition, however no major folds were 

observed. Sites were collected over two field sessions. Sites collected during session one were 

labeled in the fashion: EL#-# which indicates the Elliot Lake area (EL), the outcrop number 

(EL#) and the site number (EL#-#). Sites collected during the second field session were labeled 

similarly and marked with a ó*ô to indicate that it was collected during the second field session 

(e.g., *EL#-#). 



26 

 

Laboratory Procedures 

Three to four cores (samples) were extracted from each site using a drill press with a 1ò diameter 

diamond drill core bit. Because clasts have their own magnetic fabrics and thus do not represent 

fabrics produced through sedimentary deposition, care was taken to avoid any large clasts while 

drilling. Cores were oriented by first reorienting the site in a sandbox, then orienting the sample 

using a Pomeroy orienting device and Brunton compass. Once oriented, each sample was cut in 

half, separating each sample into two specimens to contrast a weathered and non-weathered 

surface. AMS for each specimen was measured at the UWM Department of Geosciences using a 

AGICO Geophysika MFK1- FA Multifuction Kappabridge in a 976 Hz applied field at room 

temperature with a 200 Am-1 peak intensity. Susceptibility data are collected as the sample is 

rotated about three orthogonal axes using the MFK1-Aôs spinning specimen method outlined in 

Jelinek (1997). Data are then processed and plotted via Anisoft software by AGICO that plots 

eigenvector data for each specimen in a site on a lower-hemisphere equal-area stereonet. Data are 

then corrected to compensate for regional tilt and magnetic declination. 

 

To understand domain-state of magnetic particles present in the specimens, magnetic hysteresis 

measurements were collected using a Lakeshore 8600 Series VSM located at the Institute for 

Rock Magnetism (IRM), University of Minnesota - Twin Cities. Magnetism was measured at 

room temperature in a field of -1T to 1T, producing hysteresis loops to analyze coercivity and 

saturation magnetism for each specimen. A Day Plot was generated, plotting Mr/Ms over Bcr/Bc, 

to estimate average magnetic domain state and trends in coercivity. 
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To infer dominant magnetic mineralogy, two specimens were selected based on hysteresis data, 

as endmembers for low temperature analysis (one that expressed high coercivity and one that 

expressed low coercivity) using a Magnetic Property Measurement System (MPMS) 

Superconducting QUantum Interference Device (SQUID) magnetometer at the IRM. Two 

experiments were performed to identify the magnetite Verwey transition or other composition-

specific low-temperature behavior. In the first experiment, the sample is given a room-

temperature (saturation) isothermal remanent magnetization (RTSIRM) in a 2.5T applied field. 

This magnetization is then measured as a function of temperature while cooling from 300K to 

10K then warmed back up to 300K. In the second experiment (the so-called field-cooled/zero-

field cooled experiment), the sample is cooled from room temperature to 10K in the presence of 

a large (2.5 T) field (field-cooled, FC). At 10K, the field is turned off and the remanent 

magnetization is measured on warming back to room temperature. The sample is then cooled 

back to 10 K in zero field (zero-field cooled, ZFC). At 10K, the sample is briefly exposed to a 

2.5T field, and the resulting magnetization is then measured on warming back to room 

temperature. 

 

Additional compositional information was gleaned from Curie temperature (Tc) data, collected at 

UWM using a CS4 furnace attachment for the Kappabridge and the Sufyte5W thermomagnetic 

curve control software (AGICO, 2011b; Amato, 2017). Pulverized samples were heated under Ar 

atmosphere from room temperature to 700ÁC and then cooled while continuously measuring 

susceptibility. A full background correction was performed by measuring the empty furnace from 

room-temperature to 700ÁC and subtracting the results from the sample data. 
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Six sample sites were selected for microsedimentary analysis 

based on observations of magnetic fabric. Three sites that 

produced subvertical magnetic fabrics (EL6-1, EL7-2, & 

*EL9-1) and three sites that produced subhorizontal magnetic 

fabrics (EL4-3, *EL8, & *EL10-1) were cut, examined under 

petrographic microscope, and photographed for examination 

of microsedimentary structures. Magnetic data will 

supplement microsedimentary and field observations to aid in 

the interpretation of sedimentary deposition type and transport 

direction. 

 

Observations 

The Gowganda Formation in the area north of Elliot Lake 

measures approximately 760m in thickness from the base of 

outcrop EL1 to the top of outcrop EL10 (Figure 18). EL1 sits 

on the southern edge of the Sudbury Syncline which trends 

northeast to southwest with EL10 near its center, representing 

what is interpreted here as the last sedimentary unit of the 

 

 

Figure 18: Complete 

stratigraphy showing full 

thickness of the Gowganda 

Formation in the area north of 

Elliot Lake, Ontario including 

site locations. 
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Gowganda in this area. Thickness was calculated using the dip of bedding which decreases from 

~15° in outcrops EL1-EL6 to ~5° in EL7-EL10. Diabase dykes are present in EL2 and EL5 

(Figure 19), and gaps in the stratigraphy are due to erosion by more contemporary river 

channels. The formation is dominated by sandy and muddy Dsm and Dmm facies but also 

includes four sections of thinly laminated fines with dropstones (except EL10) and one outcrop 

dominated by cross-laminated sandstones (EL1). 

 

Facies Descriptions 

At its base, the Gowganda contains an erosional contact with carbonates of the Paleoproterozoic 

Espanola Formation,  with the Serpent Formation completely missing in this area (Figure 1) 

(Young, 1991). Diamictite facies are dominant throughout the Gowganda although laminated and 

sandstone facies also occur (Figure 19, Table 1). Angular to rounded outsized clasts (< 2 m 

diameter) are common throughout, composed of igneous (> 70% felsic and 15% mafic), 

metamorphic (10%), and sedimentary (< 5%) rock. All three facies types (diamictite, sandstone, 

laminated) can be further broken down and are discussed in this section using classification 

codes outlined by Benn and Evans (2010) (Table 1; Table 2). 

 

Diamictite Facies 

Description: Diamictite facies can be observed in three broad categories: muddy, sandy and clast 

supported (Benn and Evans, 2010; Figure 19). Muddy diamictites (EL2, EL3, EL7, EL9; Figure 

19; Figure 20A) are meters to 10s of meters thick, massive, matrix supported (Dmm), and clast-

poor, except EL9 which contains faint pebble horizons, bordering on sandy matrix-supported and 

stratified (Dms). Clasts throughout the muddy Dmm facies display faint rotational structures and 
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no apparent preferred orientation (Figure 22). Sub-vertical clastic dykes are found in most Dmm 

facies and are ubiquitous in EL7, along with sub-vertical water-escape pipes visible only under 

petrographic microscope. Deformed rafts of coarse sands, sometimes containing their original 

sedimentary structures also make EL7 unique, as they are typically found in sandy Dmm facies 

(EL4, EL5, EL7, EL8, EL9) (Figure 19; Figure 22).  

  

 

Diamictite Sub-facies Classification Codes 

Code Discription 

Dmm Matrix-supported massive 

Dms Matrix-supported stratified 

Dcm Clast-supported massive 

Dcs Clast-supported stratified 

Figure 19:  Left)  symbol key for stratigraphic 
columns. 
Pg 31, 32, 33) Stratigraphic columns of the 
Gowganda FM, north of Elliot Lake, Ontario 
Canada. 
All outcrops were measured in meters and 
include grain-sizes very fine (VF), fine (F), 
medium (M), coarse (C), granule (G), and 
diamictite (D) from smallest to largest with D 
representing a mixer of all grain-sizes.  For 
outcrop locations see Figure 2. 

 

 

Table 1:  Facies classification and 

codes, modified from Ben and 

Evans 2010. 
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Thinner than muddy diamictites, sandy diamictites in the Gowganda are decimeters to meters 

thick. Most are matrix supported and stratified (Dms), containing granule to boulder-sized clast 

horizons, although massive (sandy Dmm) sections are present between some sandy Dms facies. 

Unlike outcrops with muddy Dmm facies, massive, reverse, or normal graded sandstones 

accompany sandy Dms facies (EL1, EL4, EL5, EL6, EL8; Figure 19; Figure 20B,C). Dms facies 

themselves typically show normal grading and deformation structures (quarter structures, sand 

wisps/rafts) that are more pronounced compared to muddy Dmm facies and present sub-

horizontal orientation. Of the outcrops that include sandy Dms facies, EL5 shows particularly 

interesting characteristics. Generally composed of sandy Dmm facies, EL5 depicts layers of 

clast-rich Dms, one that includes a bed of striated boulders with their apparent long axes aligned 

(Figure 19; Figure 23).  

 

Clast-supported diamictites, both massive (Dcm) and stratified (Dcs), are present in outcrop EL8 

and dominant throughout EL6 (Figure 19; Figure 24). Most are stratified (Dcs) and show normal 

or reverse grading, typically scouring underlying sand. Normally graded Dcs facies, decrease 

sands, although some sands in EL6 are massive. Shear planes are often visible at the base of 

reverse graded Dcs facies while overlying sand is draped over boulders protruding from its top. 

Some are discontinuous (EL6, EL8), laterally transitioning from Dcs to Dmm from north-east to 

south-west respectively.   

Figure 20 (next page): Diamictite Facies:  A) Muddy Dmm with granule ï cobble clasts (EL2) ;  C) Sandy Dmm 

with subvertical whisps of fine sand (EL5);  E) Sandy Dsm with normal graded subhorizontal bedding(EL5);  G) 

Dcm showing reverse grading then normal grading between coarse sands, layers of which are massive, normally 

graded, or reverse graded. (EL6).  B, D, F, H)  highlighted features of photos from left. Meter stick and Jacobs 

staff for scale. 
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Figure 21: Evidence of clast rotation in a clast-poor, massive, muddy diamictite. A) Gneiss coble with smaller 

granite clasts circling around it.  C) eye-shaped deformation of sediment around clasts (quarter structures).  

E) squeezing of saturated sediment between clasts (necking) and small clasts aligned and circling stacked cobles.  

G) Quarter structure around granite pebble. B, D, F, H) Highlighted features from photos from the left. Meter 

stick for scale. 
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Figure 22:  Deformed sands:  A) EL4 coarse sand in slightly stratified, sandy diamictite., C)EL5  medium 

sand in massive sandy diamictite. E) EL7 Coarse sand in massive muddy diamictite. G) EL7 clastic dyke 

and water escape pipes in massive muddy diamictite.  B, D, F, H, highlight features from photos on the left.  

Meter stick for scale except G and H. 

! .

 

/ 5 

9 C 

D I 



40 

 

 

Figure 23:  Boulder beds at EL5.  A) Outcrop-

scale photo showing alignment of facetted 

boulders as well as sandy and muddy stratified 

diamictite. B) Boulder alignment at the base of 

EL5.  C) Close-up of boulder alignment in photo 

A.  D) Close-up of center boulder of photo C, 

facetted and striated with arrow indicating 

striation orientation.  Meter stick for scale. 
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