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Abstract

The nature of this research is to investigate paleoseismic deformation of glacial

soft sediments from three sampling sites throughout the Scottish Highlands; Arrat's

Mills, Meikleour and Glen Roy. The paleoseismic evidence investigated in this research

will provide a basis for applying criteria to soft sediment deformation structures, and the

trigger mechanisms that create these structures. Micromorphology is the tool used in this

to investigate paleoseismic deformation structures in thin section. Thin section analysis,

(micromorphology) of glacial sediments from the three sampling sites is used to

determine microscale evidence ofpast earthquakes that can be correlated to modem-day

events and possibly lead to a better understanding of the impact of earthquakes

throughout a range of sediment types. The significance of the three sampling locations is

their proximity to two major active fault zones that cross Scotland. The fault zones are

the Highland Boundary Fault and the Great Glen Fault, these two major faults that

parallel each other and divide the country in half Sims (1975) used a set of seven criteria

that identified soft sediment deformation structures created by a magnitude six

earthquake in Cahfomia. Using criteria set forth by Sims (1975), the paleoseismic

evidence can be correlated to the magnitude of the deformation structures found in the

glacial sediments. This research determined that the microstructures at Arrat's Mill,

Meikleour and Glen Roy are consistent with a seismically induced origin. It has also

been demonstrated that, even without the presence ofmacrostructures, the use of

micromorphology techniques in detecting such activity within sediments is of immense

value.
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1.0 Chapter 1

1.1.0 Thesis overview

1.1.1 Statement of Purpose

The purpose of this research is to determine whether or not a microscale signature

of paleoseismic deformation of glacial soft sediments can be detected using

micromorphology as the primary tool for investigating the glacial sediment in question..

In the Scottish Highlands several known locations exist in which intense macro-scale

soft-sediment deformation structures are known to occur. It has been suggested that these

structures are due to seismic activity that has deformed the sediment pile (Davenport &

Ringrose, 1987; Menzies, 2000; Stewart et al., 2000). Examination of these sediments on

the macro-scale revealed a relatively unique suite of structures. It is the purpose of this

thesis to investigate whether these structures are also evident at the micro-scale and

whether indeed, based on extensive examination of microstructures in thin-section such a

seismic origin can be ascribed. In order to investigate the possible origin of these soft-

sediment structures three sites were selected in close proximity to known active faults in

the Scottish Highlands. A major reason in selecting these sites was that a well

established glacial history exists and there is no evidence that these sites were ever

influenced by subsequent ice advances. At present, few studies are reported in the

literature that focus upon the use of micromorphology in the detection of paleoseismic

signatures (cf Menzies, 2000). A further purpose of this thesis is to demonstrate the

validity and efficacy of using micromorphological analysis for this purpose.





1.1.2 Objectives

Paleoseismology is the study of prehistoric earthquakes (Wallace, 1981,

McCalpin, 1996), specifically their location, timing and size. The study of

paeloseimology is used to interpret the rapid deformation of landforms and sediments

during earthquakes (Allen, 1986, McCalpin, 1996). Paleoseismic evidence has led

researchers to establish criteria for earthquake events by gathering evidence from the

geologic record and using that evidence to establish the potential for future earthquake

activity (Wallace, 1981, McCalpin, 1996).

An important potential tool for paleoseismic investigations of soft sediment

deformation is micromorphology. Micromorphology is the examination of the

composition and constituent structural elements of lithified and unlithified earth material

(van der Meer, 1987a, van der Meer et ai, 2003). The technique has been widely used in

soil science and has now become a potential tool in glacial geomorphology and the study

of other Quaternary sediments. In using micromorphology to investigate paleoseismic

deformation, microscale evidence of past earthquakes may be correlated to modem day

events and possibly lead to a better understanding of the impact of the earthquake

throughout a range of sediment types.

There is a substantial literature pertaining to the Devensian (Quaternary)

glaciation that once covered Scotland but little of that literature pertains to paleoseismic

events. It is the aim of this research to investigate what sedimentary evidence exists for

ancient earthquakes in Scotland during the Devensian using criteria set forth by Sims

(1975), Davenport and Ringrose (1987), Jones and Omoto (2000) and van der Meer et al.

(2003).





1.1.3 Sampling Locations

Three sampling sites were chosen to investigate soft sediment deformation

structures in Scotland. Site selection was based on the proximity to active faults, the

scale of the available exposures, known past geological history, and an absence of

evidence of later superimposed glacial advance over the sites. Samples were collected

from Arrat's Mill, Meikleour and Glen Roy (Figure 1). The deposits at Arrat's Mill and

Meikleour are located within outwash terraces formed during the Late Devensian (lOka

BP; Davenport and Ringrose, 1987; Menzies and Taylor, 2003) and are in close

proximity (>25km) to the Highland Boundary Fault Zone (HBFZ). Lake sediments in

Glen Roy, a large u-shaped valley most recently glaciated during the Middle to Late

Devensian (18ka- 13ka BP; Sissons, 1979; Gordon and Sutherland, 1993), contain

extensive soft-sediment deformation structures. Successive glacial lakes were impounded

within Glen Roy in which laminated lacustrine sediments were deposited. Glen Roy is

located to the south of one of largest faults in Scotland, the Great Glen Fault Zone

(GGFZ), and is also situated on its own small fault, the Glen Roy Fault.





Figure 1. Map of Scotland with Arrat's Mill, Meikleour and Glen Roy shown in relation to

the major fault zones throughout Scotland, (modified from Gordon and Sutherland, 1993)





1.1.4 Significance of Arrat's Mill, Meikleour and Glen Roy

The significance of the three sampling locations for investigating sites of likely

paleoseismic influence on sediments is primarily their proximity to two major active fault

zones that cross Scotland, and the absence of subsequent overriding ice advances. The

Highland Boundary and the Great Glen faults parallel each other and divide the country

in half Given the locations of Arrat's Mill, Meikleour and Glen Roy to these fault zones,

similar deformation structures related to paleoseismicity are likely to be present. Using

Sims (1975) set of seven criteria for soft sediment deformation structures caused by

earthquake shaking, these three Scottish samples may help determine the presence and

areal extent of paleoseismic deformations within similar deposits.

Glen Roy, however, contains structures similar to those found in the other two

locations, but it should not be defined in the same manner. Glen Roy is different from

the first two locations in that it is a large u-shaped valley and not an outwash terrace.

This latter location is larger in area and has the added influence of sediment on steep

gradients, which could lead to additional soft sediment deformation (Sims, 1975;

McCalpin, 1996).

1.2 Methods

1.2.1 Sample Collection and Thin Sectioning for Micromorphological Examination

The samples were collected using Kubiena tins inserted into the sediment, and

subsequently sealed for transport. These tins are small open boxes with two lids for

proper collection of sediments. The object of sampling is to obtain 'undisturbed' samples





for later laboratory examination including sample impregnation and thin sectioning. The

sample locations were chosen due to the presence of macroscale deformations with the

expectation that within the larger structures, smaller structures will be present. Over 40

samples were taken from each location to achieve the best possible samples of all the

sediments exposed at the individual section exposures.

Thin sections were obtained from individual Kubiena tin samples by first soaking

each sample, once removed from the tin, in an acetone-based epoxy resin within a

vacuum oven at < ISmmHg for several weeks in order to remove air and water from all

pore spaces. The sample was subsequently cured until hard and then thin sectioned using

a diamond blade to approximately 34nm in thickness.

Examination of thin sections was done using a low magnification petrographic

microscope. Thin sections were described using a standard set of procedures and

terminology as developed in van der Meer (1987a, 1993) and van der Meer, Menzies and

Rose (1993).

1.3 Thesis Outline

1.3.1 Summary of Chapters

Chapter One has provided an overview of this thesis, including a statement of

purpose, objectives, and methods. A literature review will be presented in Chapter Two,

which describes prior field research from Arrat's Mill, Meikleour and Glen Roy. Chapter

Two also presents the opposing views and opinions about the origins of the sediments

and glacial history of the three sampling locations.





A history ofmicromorphology in order to place the thesis research within context

is included in Chapter Three. Chapter Four presents a discussion of the formation of soft

sediment deformation structures. Also in this chapter a discussion on the use of pertinent

micromorphological terms in relation to thin section descriptions. In Chapter Five, a

review of paleoseismic research literature is incorporated as an aid to understanding the

research that is presented in this body of work. Chapter Six, Seven and Eight present the

micromorphological description and interpretation of thin sections from Arrat's Mill,

Meikleour and Glen Roy. Chapter Nine presents a summary of results and interpretations

derived from this thesis.





2.0 Chapter 2

2.1.0 Introduction

The focus of this chapter is a discussion of the literature pertinent to the influence

of Devensian Glaciation on the study sites, primarily on the three final glacial events that

took place fi-om ca. 40,000 to 10,000 yrs B.P.: specifically the Loch Lomond Readvance,

the Perth Readvance, and the Aberdeen-Lammermuir Readvance (Figure 2) (Sissons,

1967; Paterson, 1974; Gordon and Sutherland, 1993).

2.1.1 Glacial events over the past 60,000 years

It is within this window of geological time that three major glacial events took

place within or near to the three study sites. The most well-known and best-preserved

glacial event in Scotland is the Loch Lomond Readvance. This ice advance was preceded

by the 'supposed' Perth Readvance, which was earlier preceded by the Aberdeen-

Lammermuir Readvance. These three final readvances of the Devensian in Scotland had

the greatest impact upon the three study sites. In particular the evidence indicates that ice

of the Perth and Aberdeen-Lammermuir Readvances overran all three sites while the

Loch Lomond Advance also overran the site at Glen Roy. These glacial readvances

developed during the Pleistocene Epoch of the Quaternary Period, specifically during the

Devensian Stage (40,000 to 10,000 yrs B.P.). The three sampling sites chosen for this

work are all located on landforms developed during or after these glacial events

(Paterson, 1974; Davenport and Ringrose, 1987).
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In the case of Arrat's Mills, the sediments laid down at the site were possibly

deposited during the Aberdeen-Lammermuir Readvance and the impact of ice in close

proximity during the Perth Readvance is certainly a strong possibility. At Meikleour, the

sediments were deposited in the final phase of the Perth Readvance and were not

influenced by neither the earlier Aberdeen-Lammermuir nor the later Loch Lomond

Readvances. At Glen Roy, with the retreat of Loch Lomond Ice, a major series of ice-

dammed lakes formed and subsequently drained as ice left the mountain valleys.

The terms Pleistocene and Quaternary have often been used synonymously with

'Ice Age' (Gordon and Sutherland, 1993). The term 'Ice Age' implies that for a period of

time, a portion of the earth was locked in a state of frozen polar conditions. However,

only the Northern Hemisphere, specifically Scotland, is studied in this chapter for

Quaternary events. Evidence of large-scale glaciations can be mapped throughout the

Northern Hemisphere by identifying the glacial remnants both in the form of landforms

and sediments that the retreating ice left in its path. It is fi-om these landforms and

sediments that evidence of paleoseismic soft sediment deformation structures wdll be

identified and analysed from the samples collected at the three study sites. The

deformation structures and deformation mechanisms will be discussed in detail in a later

chapter (chapter 4).

2.1.2 The Quaternary in Scotland

The Quaternary record is described by several authors with evidence from

detailed geomorphic mapping, glacial stratigraphy, and the proxy evidence derived from

marine fossil and pollen assemblages, paleosols, and other organic materials found
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throughout Scotland (Simpson, 1933; Sissons, 1963-1981; Paterson, 1974; Gordon and

Sutherland, 1993). The main glacial events discussed in this thesis occurred during the

Devensian stage (10 ka to 60 ka BP) (Simpson, 1933; Sissons, 1963-1981; Paterson,

1974; Gordon and Sutherland, 1993).

2.1.2.1 Proxy Evidence

Scotland had several pre-Quatemary glaciations although the evidence is

inconsistent and, in places, ambiguous. North Atlantic and North Sea sediments reveal

proxy evidence of severe paleoclimatic changes in the environment throughout the area

indicating periods of cold climates (glaciation) often rapidly followed by much warmer

climes (interglacials). At present evidence indicates such cold/warm fluctuations appear

to have taken place at least 17 to 20 times in the past lOOka (Andrews, 1997).

Sejrup et al. (1987) found evidence for early glaciations in the central North Sea

Basin where glaciomarine sediments occur between the top of the Jaramillo geomagnetic

event (990 ka) and the Brunhes- Matuyama geomagnetic boundary (780 ka). These

sediments were found to have silts and clays containing marine fauna, which were

overlain with what would suggest evidence of interstadial conditions. This would also

indicate that the silts and clays were the product of a return to a colder glacial

environment (Sejrup et al. 1987). Sejrup et al. (1987) have correlated this evidence of

glacial/ interglacial/ glacial sequence with Oxygen Isotope Stages 22/21/20, which would

imply that the first glaciation occurred between 860 ka and 840 ka and the second cold

period between 810 ka and 780 ka (Figure 3). Andrews et al. (1990) determined that the

evidence presented by Sejrup et al. (1987) was indicative of an erosional surface that is
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associated with an earlier glaciation. Andrews et al. (1990) further suggested that the

overlaying sediment on this erosional surface consists of interglacial marine deposits

correlatable to the Holsteinian stage (200-250 ka). This would suggest that the previous

glaciation is probably of Anglian age and would have occurred during the Oxygen

Isotope Stage 12, between 480 ka and 420 ka. This erosional surface, known as the

Aberdeen Ground Formation, is interpreted as having been deposited in association with

a grounded ice mass in the west, with glaciomarine sediments deposited eastward of the

presumed maximum extent of glaciation (Stoker and Bent, 1985).

12
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Figure 3. Greenland oxygen isotope stages with Early, Middle
and Late Devensian Stages, (modified from Dansgaard et al., 1993)
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Andrews et al. (1990) described the North Sea Basin Quaternary succession as:

the Aberdeen Ground Formation overlain by the Ling Bank Formation and then,

unconformably, by the Fisher Formation. There is evidence of a marine event between

the Ling Bank and Fisher formations. Andrews et al. (1990) identified the glacial ice as

originating in the Scottish Highland and moving eastwards into the west-central North

Sea Basin. The glacial and glaciomarine sediments are under and overlain by interglacial

deposits. Stratigraphic correlation of these deposits identify them as belonging to the

Holsteinian Stage for the lower interglacial and from the Eemian Stage for the upper

interglacial. Therefore, Andrews et al. (1990) identified the glacial sediments as being

deposited during two events of the Saalian Stage between 180 ka and 130 ka. However,

these dates are not consistent with the dates given for the same two glacial events in

Northern Europe (Sissons, 1979; Gordon and Sutherland, 1993). Gordon and Sutherland

(1993) claimed that the Scottish coast and much of the lowlands were ice-fi-ee during the

period between 35 ka and 26 ka BP. They also stated that the clunate was more than

likely harsher than today's and that would have presented the possibility of glaciers

developing in the Scottish Highlands. This expansion of ice occurred in the western

Highlands and then subsequently spread fi-om the ice center in the Central Highlands

toward the coasts (Gordon and Sutheriand, 1993). Therefore, this glaciation would have

occurred during the Middle Devensian and Late Devensian transition (Figure 4).

The major ice sheet during the Late Devensian stage was centred in the western

Scottish Highlands, and extended throughout the Highlands and beyond the present

coastline in many instances (Sissons, 1976b). Following the maximum extent of the ice
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in Scotland (-20-1 Ska BP) ice began to retreat back to the edge of the mountains and in a

major readvance in North East Scotland again advanced at least if not beyond the edge of

the present east coast in Scotland (Aberdeen-Lammermuir Readvance). Subsequent

retreat again to the edge of the mountains was followed by a short, much more

temporary, readvance (~15-14ka BP) into the western end of Strathmore, for example,

termed the Perth Readvance. Finally, around 1 1-1 Oka BP ice again advanced from the

central highland massif, but in much more restricted manner, down some valleys along

the edge of the Highlands but not out into the lowland areas of Scotland (Loch Lomond

Readvance). As the ice retreated prior to the Loch Lomond Stadial, large amounts of

meltwater were released and in the process created major meltwater drainage patterns

which are predominately found in the east of the country along the North Sea coastline

(Figure 5 and 6) (Sissons, 1976b; Gordon and Sutherland, 1993).

Glen Roy is the most famous of the three study sites and is well known for three

levels of the glacial-dammed lakes within its walls. The sampling site in Glen Roy

contains laminated lacustrine clays and silts. The sampling sites at Arrat's Mills and

Meikleour are both located on outwash fans of glaciofluvial sediments. At all three sites

the sediments include fine to coarse sands, gravels, silts and clays. Whereas the latter

two sites contain a greater amount of sands (fine to coarse), silts and clays with some

gravels overlaying the finer sediments (Gordon and Sutherland, 1993).

16





Figure 5. Map showing the limits of glaciofluvial deposits throughout Scotland, three

thesis sampling sites are indicated as (o). {modified from Gordon and Sutherland, 1993)
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^•^3.
Figure 6. The areas flooded during the retreat of the l^te Devensian Ice sheet (1) and ice

dammed lalces formed during the glacial retreat and the Loch Lomond sladial.

(modified from Gordon and Sutheriand, 1993)
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Gordon and Sutherland (1993) explained that as the glaciers retreated, isostatic

rebound occurred along with a fall in relative sea level, which led to an increase in coarse

sediments being carried by rivers downstream toward the open sea. As the river velocity

slowed at the coastline or in lower valley sites, coarser sediments were deposited overtop

finer estuarian clays and silts. Paterson (1974) and Gordon and Sutherland (1993)

indicated that these coarser sediments present a perfect set of proxy evidence for the

retreat of the Late Devensian ice sheet in the areas close to Meikleour and Arrat's Mills.

This does not hold true for Glen Roy, as that site was still covered by a glacial-dammed

lake (Sissons, 1979). Paterson (1974) stated that at Meikleour, the sequence of sediments

is not representative of a readvance, but simply the deposition of outwash sediments

across the estuarine silts as the sea level fell (Menzies & van der Meer, 1998).

2.2.1 Review of Literature

Synge (1956) stated that Jamieson (1906) declared there were three different

glaciations in the North-East of Scotland. The tills that were deposited during these

glaciations are the: Indigo till. Grey till, and Red till. Jamieson's first glaciation

advanced to the southeast and deposited both the Indigo and Grey tills, with his second

glaciation advancing to the north deposited the Red till. Jamieson's third glaciation was

identified by morainic ridges, which revealed a later expansion of Highland Ice. Bremner

(1932) declared that at the time of Jamieson's second or "Strathmore Glaciation", the

high sea levels advocated by Jamieson (1906) could not have existed. Bremner (1932)

proved this point by identifying dry channels, which cut into the red till series and would

have drained glacially blocked lakes behind the retreating Strathmore Glacier. Bremner
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(1932) claimed that the third glaciation actually extended farther than Jamieson (1906)

identified. Synge (1956) abandoned the numerical order of the glaciations and named

them as: the Scandinavian Glaciation, the Greater Highland Glaciation, the Moray Firth

and Strathmore Glaciations, the Aberdeen Readvance and the Dinnet Readvance. Synge

(1956) applied this change in nomenclature in order to describe the till sequences in their

respective locations.

Bremner (1932) suggested, according to Synge (1956), that the Indigo till,

identified by Jamieson (1906), could possibly have been deposited by the Scandinavian

Ice, which would have flowed from the northeast. Bremner (1932) also stated that this

glaciation would have been deflected back towards the northeast by advancing Highland

Ice that would have pushed it back to the coast. Synge (1956) discussed a raised beach

that was correlatable to a "hundred foot sea" in the period prior to the Perth Readvance.

This "hundred foot sea" is delineated by a raised beach which Synge (1956) found in the

Montrose Basin, to the southeast of Arrat's Mills. This evidence would suggest that there

was a large portion of Scotland that would have been submerged under seawater. If this

area of eastern coastal Scotland was under water, the outwash fan at Arrat's Mills would

have been located below sealevel such as a subaqueous outwash fan. Synge suggested

that a layer of laminated clays containing marine fauna overlain by outwash gravels is the

evidence of a high sealevel stand at this time. This raised beach, in the Montrose Basin,

extends between Inverbervie and Montrose (Synge, 1956) and appears to have been

overlain by a peat layer and was subsequently colonized by boreal forest over the beach

surface due to the subsequent fall of this "hundred foot sea". This beach, in the Montrose

area, is related to Bremner' s and Jamieson' s Strathmore Glaciations. This glaciation may
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also have been associated with the Moray Firth Glaciation, which was considered the

second glaciation to affect eastern Scotland in the Late Devensian.

Paterson (1974) suggested that the Perth Readvance (Figure 2) was dated

inaccurately by Simpson (1933) and Sissons (1967) at 13.5 ka to 13 ka BP. He further

suggested that the ice readvance was not a true readvance but rather a localized event that

was influenced by isostatic rebound. This localized event took place in the valley of the

Shochie Bum and the sedimentary relationships within the Almond valley were

compatible with a major ice sheet retreat along the Angus coast and up-valley within

western Strathmore (Paterson, 1974, Menzies and van der Meer, 1998). In the Shochie

Bum, there is an exposure oftwo tills separated by stratified sediments. Previously, these

two tills were regarded as evidence of two separate glacial phases with the intervening

stratified sediments indicating a proglacial environment, thus evidence of glaciation,

retreat and subsequent readvance. Reinterpretation of this site by Menzies & van der

Meer (1998) suggested that this site contains a single deposition phase. It is suggested,

altematively, that the intervening stratified sediments are part of a single subglacial

deforming soft-sediment environment and the tills are, likewise, part of a single

depositional phase. This hypothesis negates the need to explain the exposure as a

readvance type section.
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In the Murthly- Blairgowrie area (Figure 8), Sissons (1963) and later Paterson (1974)

considered that the ice-contact gravels of the Meikleour Outwash Terrace were laid down

in association with ice from the Perth Readvance. Sissons believed that this ice would

have blocked the River Tay above the area where it meets the River Isla and that a lake

would have formed. Although no evidence of sediment from that lake has been found,

Sisson determined that this lake would have been short lived (cf Menzies & Taylor,

2003). Paterson (1974) determined that there is evidence for a short-lived drainage

impedance in that area that produced kame and esker deposits throughout western

Strathmore. Paterson explained that if the supposed readvance had reached the area of

the Forfar Watershed, the advancing ice would have been able to erode the evidence for

any lake produced in this area. Rice (1959) found no evidence in the Forfar region that

would explain the readvance limit in western Strathmore. Paterson agreed with Rice and

stated that the kame and esker deposits are evidence of a single ice sheet that wasted back

from the Angus coast and up-valley within Strathmore (Paterson, 1974). Paterson

concluded that there was insufficient evidence to support the Perth Readvance in western

Strathmore.

In the Moneydie area in the valley of the Shochie Bum, 20 kilometres west of

Meikleour, Paterson (1974) mentions the spread of gravel, which is considered to be an

outwash fan that flanks Shochie Bum for approximately 3 km. Paterson determined that

due to severe deformation of a portion of the sediment that the area had been overridden

by ice and that two tills were produced in this area. According to Paterson (1974), this is

the only area in the Perth region where two tills overlie each other. This evidence would

support a short- lived readvance in the Moneydie area. However, as stated above
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Menzies and van der Meer (1998) disagree with this conclusion and favour a single

glacial phase to explain the stratigraphy at Moneydie in the Shochie Bum valley.

-"- SiflipMn(t«a|

Flgure 8. Map showing the extent <rf the Perth Readvance. Melkleour and Arrats Mill

are included to show their relative locations to the ice advance limit,

(modified from Paterson, 1974)

23





Simpson (1933) discussed and described the significance of the extensive

morainic deposits and the associated glacial phenomena found throughout Perthshire. He

also discussed and described the later glacial event in the region of Loch Lomond and the

Upper Forth Valley. Simpson's (1933) work in the Perthshire region is important for the

Meikleour area as he discusses the lack of glacial landforms to the east of this area.

Sissons, in a 1981 paper titled "The last Scottish ice-sheet: facts and speculative

discussion", critically discussed the limitations of some radiocarbon dates and the

incorrect inferences based on radiocarbon dates, especially with reference to the Perth

Readvance. Sissons (1981) alluded to evidence which was reported to have direct

correlations to the supposed Perth Readvance in the area of Meikleour and western

Strathmore, but on later correlations between the original mammoth tusk which yielded a

date of 13 700 ±1300 yrs, and a reindeer antler from similar stratified sediment the

evidence did not correlate with the date of greater than 40 ka BP. This assemblage of

data for the Perth Readvance is useful in trying to determine if the Meikleour or Arrat's

Mill locations, were in fact, overrun by the glacial ice of either or both the Aberdeen-

Lammermuir or Perth Readvances. By using radiocarbon dates, Sissons attempted to

date the glacial events from the Glen Roy and Perthshire regions of Scotland. However,

Sissons' s (1981) radiocarbon data are not conclusive enough to establish evidence of

overriding ice in the Meikleour and Arrat's Mill locations. Whereas evidence fi-om Glen

Roy is conclusive in that glacial ice was in contact with sediment throughout the

sampling area.
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2.3 Chapter Summary

This chapter introduced the glacial history of Scotland with a particular interest relevant

to the readvances of ice within the study areas of Arrat's Mill, Meikleour and Glen Roy.

It is apparent that at the end of the Late Devensian in Scotland that possibly three glacial

readvances (post 20ka BP) occurred that impacted upon the three study sites. The earliest

advance, the Aberdeen-Lammermuir may have occurred sometime after -20-1 Ska BP

and covered all of the sites, while the later Perth Readvance (~13ka BP) again covered all

the sites and only the last advance, the Loch Lomond Readvance (~1 Ika BP) directly

influenced sedimentation at Glen Roy. At Meikleour and Arrat's Mills sedimentation

occurred in the form of proglacial outwash fans that were not subsequently overridden by

ice, while at Glen Roy, following the draining a ice-dammed lakes with retreat of Loch

Lomond ice, glaciolacustrine sediment became exposed and again were never

subsequently overridden by ice.

Considerable debate surrounds the actual occurrence of both the Perth and

Aberdeen-Lammermuir Readvances. Evidence such as that discussed by Menzies and

van der Meer (1998) suggests that a simpler explanation exists for the stratigraphic

evidence in the Shochie Bum that negates the need for a glacial readvance. Likewise,

evidence for the Aberdeen-Lammermuir Readvance has long been debated and refuted by

Sissons (1981). However, whether such advances occurred is immaterial to the evidence

at the study sites at Meikleour and Arrat's Mills where glacial deposition in the form of

proglacial proximal outwash fans developed and were not subsequently overrun by later

ice. Both fans appear to have been deposited in the period after 18ka BP and before 13ka

BP. In contrast, at Glen Roy evidence of glacial activity is much less controversial
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because clearly with the subsequent retreat of Loch Lomond ice, for which persuasive

evidence exists throughout Scotland, the ice dammed lakes drained and the

glaciolacustrine clays were finally exposed but again never overridden. That ice did not

overrun any of the sites following glaciation is crucial to the thesis of the research project

since any near-surface soft-sediment deformation structures carmot therefore be

attributable to later ice overriding or ice proximal activity in the form of glaciotectonic

action.
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3.0 CHAPTER 3

3.1.0 Introduction

Micromorphology is the examination of the composition and constituent

structural elements of lithified and unlithified earth materials (van der Meer, 1987a; van

der Meer et al. , 2003). The technique has been v^adely used in soil sciences and has now

become useful in glacial geomorphology and other Quaternary sciences. This chapter

provides a brief history of micromorphology in order to place the micromorphological

studies at the three study sites in Scotland within the context of past glacial

micromorphological research. Since so much terminology is used in micromorphology

that is 'foreign' to glacial geology and sedimentology, it is thought useful to briefly

review the terminology to help the reader fully understand the descriptions and

interpretations of thin sections in subsequent chapters of this thesis. Also the

methodology of thin section manufacture from field sampling to the glass thin section is

discussed in some detail.

Kubiena, in 1938, described the basic principles ofmicromorphology and authors

such as Bullock et al. (1985), Brewer (1964, 1972, 1974, 1976), van der Meer (1987a,

1993, 1996), Menzies (1998, 2000), and Miicher and Morozova (1983), have contributed

greatly to the advance of this science. These authors among others have all added and

improved the views and uses of micromorphology primarily in soil science and glacial

geology.
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3.1.1 Glacial Micromorphology Terminology

This group of terms used in micromorphology by glacial geomorphologists and

sedimentologists is taken primarily from van der Meer et al. (1993), which is the first

edition of a technical workshop handbook. This handbook has been used and updated for

four international workshops on the micromorphology of Quaternary sediments.

Texture: van der Meer et al. (1993) began by discussing the texture of tills. It is

generally regarded that tills are heterogeneous in their textures, but on closer inspection

using micromorphology, till has textural differences such as changing grain sizes

throughout a large area such as 6 cm x 6 cm. Using tills as the sediment by which

micromorphology is employed for study, the texture is usually investigated for the

skeleton and matrix. Skeleton grains can be described according to shape, size

composition and distribution throughout the sample. While the matrix consists of

material that is too fine to see the individual particles, meaning that, in thin section,

particles smaller than 20 |xm cannot be individually discerned (van der Meer et al. 1993).

Structure: Structure in thin sections can be described as folds, bedding,

laminations, banding, faulting, voids, and pores. Voids and pores may be created during

sampling, or from sample preparation processes. Thus, when describing thin sections the

voids and pores should be measured and counted, and then those results added to the final

description for the thin section. The definition of soil structure as given by the Soil

Survey Staff in 2000 is " the aggregation of primary soil particles into compound

particles, or clusters of primary particles, which are separated from adjoining aggregates

by planes of weakness" can also be applied to the study of glacial sediments (van der

Meer, 1987a, 1996). The arrangement of skeleton grains can also be considered part of
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the structure in that it has been observed that elongate small sand and/or silt grains are

oriented parallel to the surface of larger grains. This type of structure has been

interpreted as being caused by a rotation of the grains (van der Meer et al., 1993).

The terms for the structvires provided earlier as described by Kubiena such as

argillans, and cutans can also be seen in Quaternary sediments. These are considered to

be structures that allow for an interpretation of the glacial environment that the sediment

was produced within.

Structures within thin sections or in the original macro-section can be grouped

into four types of structure groups. These groups are ductile, brittle, polyphase

(ductile/brittle) and porewater influenced or induced deformation. Van der Meer (1993)

produced a diagram that included drawings of the ideal types of deformation found in

each of those four types of structures (cf Menzies 2000; Figure 9).

Plasmic Fabric: Plasmic fabric is the structural arrangement of the plasma, that

is all material < 20|4.m, thus plasma can contain clay minerals, oxides and hydroxides,

soluble salts, etc. (van der Meer et al. 1993). Plasmic fabric can also contain oriented

domains that show up under magnification by having a high birefringence. Birefringence

is seen by the double refraction of light under crossed polarized light. The presence of

birefringence may be the result of sedimentation, however the stress applied to the

sediment may result in the presence of birefringence when the fine grained material is

reoriented with the stress field (van der Meer, 1992, 1993). In sediment samples that

reveal evidence of loading, the birefringence will be parallel to the bedding, whereas if

the sediment samples reveal evidence of sliding or slumping, the birefringence pattern

may cut the bedding structure (van der Meer, 1992, 1993).
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Within glacial micromorphology there are several different types of plasmic

fabric are that identified within thin sections. In 1993, van der Meer produced a

schematic diagram, subsequently updated by Menzies (2000), illustrating microstructures

within diamictons (Figure 9). In this diagram, eight different plasmic fabrics are

identified: skelsepic, varieties of masepic, lattisepic, omnisepic, unistrial, insepic,

"banded", and kinking plasmic fabrics. All these different types of plasmic fabric are

identifiable in thin sections. These fabrics appear dependent upon the stresses applied to

the sediment which subsequently is reflected and influences the clay mineral particle

orientation into certain preferred directions or not depending on stress levels and

porewater content of the particular sediment.
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Microfabrics and Microstructures within the Plasma
and S-IVIatrix of Glacial Sediments

I

Plasma

Plasmic Microfabric

1

Skeleton Grains

SKELSEPIC
PLASMIC FABRIC

VARIETIES OF
MASEPIC

PLASMIC FABRIC

LATTISEPIC
PLASMIC FABRIC

OMNISEPIC
PLASMIC FABRIC

UNISTRIAL
PLASMIC FABRIC

INSEPIC
PLASMIC FABRIC

KINKING
PLASMIC FABRIC

Ductile Brittle Polyphase
(Ductile/

Brittle)

I

Porewater
Influenced
or Induced

FOLD
STRUCTURE

DISCRETE
SHEAR LINES

"COMET"
STRUCTURE

LAYERING &
FOLIATION

SHEAR ZONES SILL & DIKE
STRUCTURES

WATER ESCAPE
STRUCTURES

SILT & CLAY
COATINGS

r\^uir\ j^^ N

Figure 9. Table illustrating the microfabrics and microsUiictures within the plasma and

s-matrix of glacial sediments. (Menzies, 2000)
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Interpretation: Micromorphological interpretations can provide important

information regarding the processes involved in the development of sediment structure,

the parent material origin and syn-depositional and post-depositional deformation.

Without micromorphological analysis, the chemical and physical analysis alone can lead

to mis-interpretations of the sediment formation processes (van der Meer et al., 1993).

Also, for the interpretation of the origin of glacial or periglacial sediments and soft-

sediment deformation structures, a comparison can be made with the micromorphological

analysis of sediments and soft-sediment deformation features observed in present day

glacial and periglacial areas (Dumanski and Amaud, 1966; Harris, 1985; Van Vliet-

Lanoe, 1985; van der Meer et al., 1993).

3.2.0 Micromorphology and Quaternary Geology and Geomorphology

The purpose of this section is to provide a brief introduction to the literature

pertaining to the micromorphology of glacial sediment. There have been several authors

over the past ten years, such as Dreimanis (1988), van der Meer (1993), Menzies (1998),

Menzies et al. (1997), and Carr (1999) who have identified sedimentary structures and

plasmic fabrics within glacial sediments.

It has long been considered that till is massive with no apparent structures but

recent research disputes this claim (cf van der Meer et al, 2003). Carr (1999) used

micromorphology to investigate glacial sediments fi-om the North Sea in order to identify

subglacial lodgement and flow tills in the sedimentary column. Menzies et al. (1997)

used micromorphology to investigate those microstructures that indicate deformable bed

conditions within drumlins. They determined that glacigenic sediments appear to have
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been deformed as part of a melange-style, ductile subglacial sediment package. Menzies

(1998) used micromorphology to identify microstructures within glacial sediment in an

effort to identify and determine the type of till that is present. By using

micromorphology in this way, Menzies (1998, 2000) and Menzies et al. (1997) have

identified differences between lodgement till, meltout till and glacial melange sediments

and have applied them to interpret subglacial environments. In addition, Dreimanis

(1988), van der Meer (1993) and Carr (1999) have all aided in the continued research into

identifying the differences between the different types of till, such as the differences

between subglacial and proglacial, lodgement and meltout, and waterlain and flow tills.

Recently, van der Meer et al. (2003) have argued that the few of the previous accepted till

types can in fact be identified in thin section and argue a case for a new term 'tectomicts'

to classify all tills.

3.3.0 Methods

The methods used for sample collection and preparation of glacial sediments has

been taken from the Micromorphology Handbook created by van der Meer, Menzies and

Rose (1993). The first step for sample collection is in identifying an appropriate site for

sampling in terms of suitable sediments for the particular research problem to be

investigated, and site accessibility. Site investigation includes using maps and air photos,

literature reviews and site visits. The thesis sample sites that were chosen for this work

were all investigated in this way. After the investigations are completed, sample

collection can then begin.
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3.3.1 Field sample collection

3.3.1.1 Site, location and numbering:

In finding sites for investigation a key factor was in discovering sites that had a

considerable lateral and vertical distribution of soft-sediment deformation structures

already recognisable at the macroscale within stable exposures. Likewise the sites had,

fi-om searching previous literature, to be stratigraphically well defined in terms ofknown

age and known glacial and post-glacial histories. Finally, the sites were chosen due to

their proximity to known active fault zones for which seismic information existed.

The three chosen sites all met the above criteria and yet were fi"om slightly

different glacial environmental settings - the Glen Roy site in glaciolacustrine sediments

formed in an ice dammed lake, while the Meikleour and Arrat's Mills sites occur in

proglacial outwash environments.

Samples were collected using the "Kubiena box" technique. This is done to

ensure a large enough sediment sample is collected and that the sample would retain its

natural shape while in transport. (The "Kubiena box" is a box made of thin tin or

stainless steel, it has two lids that are removable and one side of the box is movable as

well. This movable side has a hinge pin in one of the comers and allows the side to open;

this is useftil once the sample is returned to the lab and is ready to be processed fiirther.)

The box is slowly carved into the sediment that is being sampled, using a knife or a

trowel to slowly insert the box into the sediment thus collecting the sample intact and

'undisturbed'. If the sample does not fill the box entirely, sand or a markedly different

sediment can then be poured over top to ftilly fill the box and ensure safer transport back

to the laboratory.
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The boxes were given identification numbers and marlced with orientation (top or

bottom, front or back), in relation to the location of the sample within the exposure of the

sampling area. The orientation is especially important with reference to the sampling

site, whether the sample was collected on an exposure wall or on the floor of a pit. The

fi"ont, back or side indicator on the sample box relates to the face of the sample that is

being described after the sample has been processed and mounted on a thin section slide.

3.3.1.2 Transportation and Laboratory Preparation: (Fig. 10)

Once the sediment samples have been collected, numbered, orientated and sealed,

they are sent to a micromorphology laboratory (Brock University). Samples are slowly

air-dried if they are considered to be moist or wet. Various methods are employed by

different laboratories, but essentially all laboratories attempt to dry the samples as slowly

as possible while trying to prevent cracking and sample collapse. In some instances,

samples are quickly immersed in an acetone bath that allows acetone to replace water in

cracks and pores within the samples and then, with the addition of epoxy -based resin, to

infiltrate these same cracks and pores.

At Brock University the "Kubiena boxes" are opened, the samples left to dry,

either by air or oven, heated over a period of days at low temperature (<60°C). If the

sample is primarily sand and considered loose within the box, a mixture of varnish and

acetone can be added to solidify the sample. This varnish and acetone mix is dissolved in

the final resin application and does not leave any trace or disturbance to the sediment
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Figure 10. Flow diagram of thin-section acquisition, impregenation, cutting, serial thin

sectioning and image capiure.(modified from van der Meer el al.,1993)
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The samples are then prepared for immersion in a resin bath box. The resin

mixture is made using the following ingredients:

2 litres of Ortho resin solution

2 litres of acetone

2 millilitres of cobalt napthenate (accelerator)

4 millilitres of Luperox DDM-9 (catalyst)

These ingredients are mixed over a period of 1 Vi hours on a stir-plate and are ready for

application once the contents of the 4 litre beaker turn to a pale orange colour. The

sample is then placed in the resin box and enough resin is poured over top in order to

folly immerse the sample to ensure complete impregnation of the sample by the resin. If

the sample is a dense clay, typically the resin box with the sample is placed in a vacuum

chamber (< 1 5mmHg) to aid in the impregnation process. In both cases, open or vacuum

impregnation, the resin boxes will be ready for the curing process in approximately 2

weeks or sooner, if the resin has reached a semi-solid state (jello-like). The boxes are

then transferred to an oven where the resin cures for approximately 2 to 4 days under a

medium heat (<60° Celsius). Once removed from the oven and cooled the solid resin can

then be removed from the resin box. The sediment samples are then ready to be oriented

for the petrographic cutting into thin sections.

Thin sections are prepared in a similar manner to petrological samples by cutting

the oriented sample with a diamond saw. The sample is orientated, cut to desired size

and a slab is left for grinding. The slab is ground with 120 grit silicone carbide until

smooth and is then dried and heated on a hot plate where the sample is impregnated with

waterproof "West Systems" epoxy. This epoxy is used to re-glue any crack that has

formed in the sample during the first grinding stage and it is also usefol in making sure

that the sample is totally impregnated with resin if the original resin process did not
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completely succeed. The sample slab is then ground on the grinding wheel using the 120,

320 and 600 silicone carbide grit imtil smooth and evenly flat. The sample is then left to

cool and dry before the remaining slab is cut off and the thin section begins to take form.

The sample is then returned to the grinding wheel with 120 and 320 grit silicone carbide

and sanded down to a 50^m thickness. The final grind is done using the 600 grit of

silicone carbide and grinded down to the final 30|am thickness and a cover slip is then

applied.

3.3.3 Chapter Summary

This chapter summarised the background literature related to soil and glacial

micromorphology, terminologies, classifications, methods of sampling and laboratory

impregnation techniques, and thin section manufacture. Soil scientists first developed the

basic principles ofmicromorphology and later glacial geomorphologists expanded those

uses to further elucidate and explain the development of certain microstructures in glacial

sediments. The classification of these microstructures and subsequent interpretation,

following precise description, are fundamental to micromorphology.
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4.0 CHAPTER 4

4.1.0 Introduction

Soft-sediment deformation structures are considered to be important tools to

determine depositional processes within certain depositional environments (cf. Allen,

1982; Mills, 1983). This type of deformation may or may not occur synchronously with

sediment deposition and is found to be primarily in the coarse silt to fine sand size range.

This chapter considers four types of soft-sediment deformation mechanisms, as discussed

in the literature, (1) liquefaction or fluidization; (2) reverse density gradation; (3)

slumping or slope failure; and (4) shear stress readjustment (Mills, 1983). These four

mechanisms are perhaps the most abundant structure-forming mechanisms in soft-

sediments. These four mechanisms are described below in order to present the majority

of structures found in the three sampling locations and in the thin sections that are

described in chapters 6, 7,and 8.

Mills (1983) described soft-sediment deformation as the disruption of unlithified

sedimentary strata. Deformation of this soft-sediment can occur during or not long after

deposition. These deformation structures are also found in areas where the deformed

sediments overlie or exist in close proximity (contact) to faults or are in the vicinity of

volcanoes or areas of active crustal movement.

Evidence of soft-sediment deformation can typically be seen at the macroscale.

However, more detailed examination by microscopic analyses allows a clearer picture

and understanding of these deformation structures, only with a clear relationship between

the micro- and macro structures. The use ofmicromorphology aids in the identification
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of microstructures found within the macroscale deformation of soft sediments and in their

interpretation (van der Meer, 1993, 1996; Menzies, 2000).

4.2.0 Deformation Processes

Liquefaction and fluidization, reverse density gradation, slope failure or slumping,

and shear stress (Allen, 1982; Mills, 1983), are the four processes described and

explained in this chapter because of the relationships that each deformation type has with

the others. This is to say that if liquefaction occurs, an associated deformation structure

may result from slope failure. In the study of soft-sediment deformation, the true cause

of the deformation structure may never be determined. With this idea, it can be assumed

that one process may be triggered by another process during deformation, thus only one

structure may result in "masking" other structures. This "masking" effect may be in the

form of a deformation structure that has overprinted another structure in the same

sediment layer, or a process re-deforming another structure in the same system of

deformation. As with the four processes above, three will result in a vertical

displacement and the other will result in a horizontal displacement of sediment. Making

the distinction between contorted strata produced by soft-sediment deformation and

tectonism is often difficult (Mills, 1983).

Grain cohesion, permeability and rate of deposition are considered to be the

factors controlling soft-sediment deformation structures. Soft-sediment deformation

structures can only be created prior to any type of sediment compaction. As was stated

earlier, the sediment must contain a relatively high percentage of pore fluid to be able to

allow deformation to occur.
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4.3.0 Mechanics of Deformation

4.3.1 Liquefaction and fluidization:

These two processes are considered as the primary cause for soft-sediment

deformation structures and they are both caused by rapid de-watering of the grain-

supported sand. Seed (1968) stated that excess pore pressure may result in a fluid-

supported matrix. The process of seismically induced liquefaction of saturated granular

sediments has been studied extensively (Castro, 1987, McCalpin, 1996). When there is

sufficient back and forth shear straining (cyclic loading), grains tend to move into denser

packing arrangements quickly, and water that is in the voids (pores) does not have

sufficient time to escape. This has the effect of increasing pore-water pressure in the

sediment. If this occurs in a loose deposit (sand), the stress at the grain contacts can

approach zero, at which time the pore-water pressure then carries the weight of the

overburden. The sediment is then said to have reached initial liquefaction (National

Research Council, 1987 p.42, McCalpin, 1996). When this occurs, a large loss of

strength can take place, and in very loosely packed sands the instant increase in strain can

cause large blocks to move great distances resulting in complete liquefaction (McCalpin,

1996).

Fluidization occurs when water, escaping upward through a sediment, exerts

sufficient drag or lift to momentarily suspend grains of sediment (McCalpin, 1996). This

rapid de-watering of sediment during fluidization is the result of fluid escape from an

underlying sediment unit, while liquefaction occurs when escaping water exerts sufficient

drag to reduce grain to grain contact and therefore, the strength of the sediment does not

carry the grains upward. Seed (1968) related the cause of this "spontaneous" rapid water
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loss primarily to cyclic, concentrated earthquake shocks.

Liquefaction and fluidization result in fluid escape structures throughout the

sedimentary unit. These structures are typically dish and pillar structures. Dish and pillar

structures are commonly found in the same beds of sediment and are formed by the same

processes (Mills, 1983). Dish structures are always orientated parallel to the original

bedding structures within the sedimentary unit. These structures are commonly formed

with a concave-up orientation but can also be found to be flat. They tend to be formed by

finer material such as clay or fine silt, which was incorporated in the coarser sand unit.

4.3.2 Reverse density gradation:

This type of deformation process occurs when the overlying sediment has a

greater density than the underlying sediment. This process is commonly found when

there is a coarser layer of silt or sand overlying a finer clay layer. Reverse density

gradation seems to occur if when very fine sediment is rapidly deposited and a coarser

layer is quickly deposited above it; as the sand subsequently "falls" or "sinks" into the

poorly compacted clays. If the underlying clays (muds) have a low viscosity and the

overlying sands are cohesive, load structures become the predominant structures. These

would be ball and pillow structures. Cheel and Rust (1986) describe ball and pillow

structures in an area near Ottawa, Ontario as ranging in size fi-om several centimetres to

several metres in diameters.
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43.3 Shear stress:

Any deformation process typically begins to develop largely due to a function of

extrinsic or intrinsic shear stress application (Arch et al., 1988; Heimstra and Rijsdijk,

2003). Unconsolidated sediments of high porosity, low cohesion and high porewater

content are susceptible to stress-induced soft-sediment mobilization. Such sediments are

shear stress-sensitive to fluctuating porewater changes, particle density gradients, and

especially external influences such as rapid overloading of these sediments due to mass

movement, or by glacier overriding or the impact of seismic wave transmission

associated with earthquake activity. Owen (1992) and Maltman (1994), for example,

have discussed in detail the changes in soft-sediment deformation seen at the macroscale

in terms of typical macroscale structures and their likely origins. For instance, Heimstra

and Rijsdijk (2003) concluded that the response of sediment to imposed shear stress

during triaxial compression was reflected in both plasma and skeleton arrangements at

the microscale. They found an involvement of planar displacements as well as rotations

within the shear zones (Heimstra and Rijsdijk, 2003). This same work by Heimstra and

Rijsdijk (2003) found that shear stress deformation is a time-progressive, ductile type of

strain, which starts with the formation of a network of slip planes. Arch et al. (1988)

determined that shear zone development in deforming clays, was seen to be initially

accommodated by the bulging of the specimen until failure occurred at a bulk shortening

strain of between 8 and 12%. After this, deformation was determined to be primarily

restricted to a narrow zone of shear stress. The data demonstrate that small differences in

the water content can produce a large difference in both peak and residual strengths (Arch

e/ a/., 1988).
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Arch et al. (1988) concluded that there is a wide variation in the range of potential

pre-lithification deformation conditions. That water content is far more important than

the strain rate in the control of shear zone geometries in wet soft-sediment (clay). The

orientation of the shear zones in the experimentally deformed soft-sediment (clay) was

primarily influenced by the anisotropy of the primary fabric, and that the angle between

any primary fabric and the deformation-induced shear zones is an important influence on

controlling the shear zone appearance in the soft-sediment.

4.3.4 Slumping or slope failure:

This process of deformation of soft-sediments is related to the downward motion

of sediment on a slope caused by gravitational forces. Slumping or slope failure has been

cormected to the theory of liquefaction due to the amount of pore fluid in the

unconsolidated sediments (Holtz and Kovacs, 1981, McCalpin, 1996). Mills (1983)

discusses the two types of slump as coherent and incoherent. These are differentiated by

the amount of mixing of the sediments. This relationship will result in the interpretations

for different sets of soft-sediment deformation in individual slump environments. The

most common of these flow (slumps) processes would be: (a) debris flow; (b) fluid

sediment flows; and (c) grain flow. Debris flows and grain flows are very similar in

definition. Mills (1983) stated the differences are between the matrix and the grain

support. Davenport and Ringrose (1987) identified slumping in an area within Glen Roy.

They determined that a high plastic flow preserved laminae that showed tight folding.

These flows or slumps have a relationship between a cyclic loading (shear

straining) and the total amount of pore fluid within a saturated soft-sediment. Davenport
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and Ringrose (1987) interpreted the slump structures as a direct result of earthquake

events. This would create enough cyclic loading (shear straining) to involve liquefaction,

upward pore water migration due to an increase in pore-water pressure, and mass

settlement. Sims (1975) determined that some of the structures found in young lacustrine

sediments from the Van Norman Reservoir showed definite slump structures, but he

could not totally describe them as being formed by simple earthquake motions.

4.4 Deformation structures in glacial sediments

In both macroscopic and microscopic investigations of glacial (soft) sediment, it

is readily apparent that these sediments typically contain a very large number of different

sedimentary structures that are directly related to processes that pre-depositional,

emplacement, depositional or post-depositional (cf van der Meer, 1993, 1996; Murray,

1994; Menzies, 2000).

These structures and other deformational forms allow for sedimentary sub-

environments at the subfacies level to be distinct. Menzies (2000) provided an example

at the microscale of taxonomic differentiation in glacigenic sediments. Menzies (2000)

argued that micromorphological analysis of glacigenic sediment provide a means to

better reconstruct glacial transport and depositional processes.

According to Allen (1982), any structure or fabric, whether in the macro or micro-

scale, is diagnostic of the depositional and/or post-depositional processes and ultimately

of a particular depositional environment. By examining glacial (soft) sediment

deformation structures, van der Meer (1993, 1996) believed that most of these sediments

are able to be subdivided into those that are of brittle origins, ductile origins or of
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polyphase origins of deformation. Maltman (1994) defined deformation within sediment

as a change in bulk shape principally in a particulate or granular manner, by frictional

grain-boundary sliding. The deformation of glacial (soft) sediment occurs when a

number of factors interact with each other. These factors include: grain size distribution,

porewater content, local stratigraphy, thermal conditions of the sediment under stress, the

level of stress, and the rate and length of the stress application interaction to where the

critical stress limit is reached within the sediment (Maltman, 1994). Figure 11, illustrates

the change from brittle deformation to ductile deformation as conditions within the

sediment change. Figure 1 1 shows that with increased porewater content and increased

clay content, the sediment becomes more susceptible to ductile deformation. As the

conditions become more favourable to ductile deformation, the sediment will go through

a phase known as polyphase deformation, which is the zone between brittle and ductile

deformation and is characterized by both types of deformation.
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Figure 1 1 . CWagram illustrating the change from brittle to ductlw defromation as the

conditions change within th« sedimnent. (from Menzies, 2000)
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Brittle deformation takes place when stress is either applied rapidly to sediment or

when the sediment is sufficiently strong that both the particles and matrix become

fractured. Brittle fracture occurs because the response of the sediment to the applied

stress has to be above the normal strain rate of the sediment thus fracture occurs to

release the internal kinetic energy from the applied stress (i.e. applied stress overtakes

strain rate) (Davis and Reynolds, 1996).

Ductile deformation occurs under lower sfress application than brittle deformation

or where applied stress is less than the internal strain rate of the sediment permitting the

internal kinetic energy to dissipate (strain rate higher than stress applied). This sfress to

strain rate allows for the particles and matrix to adjust the form of flow and sliding.

Within glacial environments where soil conditions can rapidly change both in time and

space and where levels of applied stress rapidly vary, it is common to find both brittle

and ductile styles of deformation overprint each other or occur in close proximity within

any glacial environment. Therefore, most glacial sediments are populated with a wide

range of soft-sediment deformation structures and forms in what has been termed

polyphase deformation conditions.

4.4.1 Soft sediment microstructures

4.4.1.1 Brittle deformation microstructures:

Brittle deformation structures occur when the porewater content decreases and

there is stress applied to the sediment, or stress is applied rapidly within a high confining

hydrostatic sfress environment. Brittle deformation can detected from the evidence of

angular fragmentation of clasts, angular plasmic domains, brecciation, short-distance
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fractures, random plasmic fabric and faulting. Brittle deformation structures also consist

of edge-to-edge grains with crushed contacts, discrete shear lines, and various faults

within the S-matrix, kink bands and areas of highly fractured S-matrix.

4.4.1.2 Ductile deformation microstnictures:

Ductile deformation structures may occur when there is an increase in sediment

porewater content, often along with an increase in clay, or a lower level of fairly constant

shear stress application below the sediment's strain rate. Ductile deformation structures

(Figure 9) consist of fold structures, foliation structures, rotational elements, strain caps

and shadows, necking structures, layering, and plasma flowage aroimd clasts.

4.4.1.3 Polyphase deformation microstructures:

Polyphase deformation structures are classified as a mix of both the brittle and

ductile deformation structures (Figure 9). It is these deformation structures that possess

the fingerprints of two different stress/strain relationships and/or sedimentary

environments. Menzies (2000) included a brief description of porewater-influenced and

induced microstructures, which would include the transport of clays, silts and solutes

through the S-matrix which are related to water-escape and bedding unit fragmentation

and disruption features. Menzies (2000) fiirther stated that ductile deformation, in

structural geology terms, refers to a spectrum of flow conditions that extend from

cataclastic to granular flow. Both cataclastic and granular flow can be considered to be in

the same deforming zone as would the brittle/ductile phase, also known as polyphase

deformation. Menzies (2000) continued with a definition of cataclastic flow as that of
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brittle deformation of grains under high-localized stress, which would therefore cause

brittle fracturing. He also defined granular flow as that of grains or particles rotating and

sliding past other grains or particles, which would need to be deformed under lower

localized stresses.

4.5 Paleoseismic studies in soft sediment microstructures

Jones and Omoto (2000) attempted to establish a set of criteria to identify trigger

mechanisms for soft sediment deformation from case examples of lacustrine sands and

clays of Late Pleistocene age from two volcanic basins in north-eastern Japan. The

trigger mechanism criteria can then be useful in identifying paleoseismic events and in

better understanding present day seismic or neotectonic events of younger soft sediments.

Jones and Omoto (2000) identified the macroscale structures as having been deformed

through fluidization, liquefaction, brittle failure and cohesive flow. Of particular

interest in the Jones and Omoto (2000) paper is the reference to a set of criteria designed

by Sims (1975), set up to identify and correlate deformational structures with seismic

events. Sims (1975) had established this set of criteria to identify structures related to

paleoseismic events following the 1971 earthquake in the Van Norman Reservoir outside

of San Fernando, California. He observed soft sediment deformation in young lacustrine

sediments deformed by a liquefaction event caused by a magnitude 6 (Richter Scale)

earthquake (Sims, 1975). Jones and Omoto (2000) used Sims's criteria which include:

(1) proximity to presently active seismic zones; (2) presence of potentially liquefiable

sediments; (3) similarity to structures formed experimentally; (4) structures relating to

liquefaction; (5) structures restricted to single stratigraphic intervals correlatable over
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large areas; (6) the absence of slope influence and failures; and (7) include other

sedimentological, biological, or deformational processes. Jones and Omoto (2000)

indicate that isolating the effects of trigger mechanisms may be difficult given the fact

that seismically and aseismically formed deformation structures are similar and the

likelihood that more than one trigger mechanism may occur in a given deformational

event.

Sims (1975) identified a series of deformational structures, which provided

evidence for a liquefaction event in the Van Norman reservoir, which he then compared

to the experimentally deformed soft sediment by Kuenen in 1958. Sims (1975)

concluded that theses structures were deformed during shaking in a part of the sediment

near the sediment-water interface. Sims (1975) introduced the idea that any overlying

clayey laminated deposits consequently sagged or crumpled. This is in agreement with

the types of ductile deformation of soft sediment described by Menzies (2000). Sims

(1975) described the deformation episode, which would have filled in the sags and/or

crumples of the laminated sediment.

Jones and Omoto (2000) studied deformational structures in sediment similar to

that of Sims (1975). However, their sediment sections are located in former lake basins

fi^om the Late Pleistocene. Jones and Omoto (2000) used radiocarbon dating to estimate

the ages of the lacustrine sediments to be predominantly greater that 35 ka BP. They also

estimated that one ofthe volcanoes in their study area is as young as the Late Pleistocene

or Early Holocene. Figure 12 illustrates disrupted chaotic bedding in clays that were

originally horizontally bedded and now show boudinage-type structure.
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Figure 12. Disrupted chaotic bedding in clays originally deposited horizontally now
highly deformed, (modified from Jones and Omoto, 2000)

Figure 1 3 is a section from the Nakayamadaira Basin, which shows a series of

thick sheets of deformed sediment enclosed by significant thicknesses of undeformed

sediments. Jones and Omoto (2000) described these deformed layers as having

pseudonodules, ball-and-pillow structures, flames, folds and faults. The section in Figure

13 is described as being Im thick and it can be traced for 50m laterally (Jones and

Omoto, 2000).

Figures 13 and 14 contain well-preserved loading structures. These have a

significant thickness of upper pumiceous sands, which have been loaded down into the
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laminated silts and clays (Jones and Omoto, 2000). Figures 15 and 16, also from the

Jones and Omoto (2000) paper, show more soft sediment deformation structures. Figure

15 illusfrates fractured silt/clay beds/laminae where a clay bed is enclosed between two

sand beds. Jones and Omoto (2000) estimated that the sand bed thickness is

approximately 25cm in thickness. Figure 16 illustrates flame structures in which the

underlying silt/clay sediment has become injected into the overlaying sand unit (Jones

and Omoto, 2000). They also described the beds within the clay and sand units as being

parallel to that of the main deformation structures, in Figure 16. Jones and Omoto (2000)

describe the sediment content in the study areas as being greater than 95% clay/silt. This

proportion of sediments would suggest that the density is closer to that of clay due to the

amount ofpumice rich sand from the volcanic activity in the area (Jones and Omoto,

2000). This low-density sediment would theoretically act as if it were similar to the high

clay content sediment produced by glaciers as described by Menzies (2000).

Figures 17 and 18 show a more advanced stage of shear. In both figures 17 and

1 8, this stage of shear is seen where clay beds have become fractured, sheared and broken

53





ttfldeformed
^

!ai;nfriated.

sift Sclav

—

'"to,^dirig structures

cSoiined

inatec

•& clay

Figure 13. Unit of deformed varve sequences in lacustrine sediments in Japan.

(Modified from Jones and Omoto, 2000)
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Figure 14. Photo showing highly deformed pumiceous sands loaded into laminated

silts and clays. (Modified from Jones and Omoto, 2000)
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highly fracturec

siit/ciay beds

Figure 15. Photo showing highly fractured and faulted silts and clay beds, fracturing

and faulting were created after the original fold deformation.

(Modified from Jones and Omoto. 2()00)
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flame stmctures

Figure 16. Pholo showiag ilame stmctures injccicd uiu) uij overlying

sand layer. (Modified from Jones and Omoio, 2000)
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up into isolated blocks (Jones and Omoto, 2000). Figure 17 is a good illustration of

intense shear. This type of shear was applied to the clay units resulting in hydroplastic

deformation (Jones and Omoto, 2000). Figure 18 is an isolated fold structure also

produced by this directional deformation. A number of mechanisms could be

accountable for this type of rotation, they are: shear stress, differential loading of sands

and fault movements (Jones and Omoto, 2000). Possibly the most important information

on these deformational structures is the theory of muhiple trigger mechanisms. It has

been demonstrated that muhiple mechanisms could have the resuh of multiple structures

found in deformed soft sediment (Menzies, 2000). These deformation structures could

have been deformed by rapid sedimentation of sand over clay units, earthquakes, gravity

driven density currents and storm currents (Jones and Omoto, 2000). There has been a

body of work produced in the past, which has identified liquefaction of underlying clayey

silt and its resultant loss of load bearing due to the passage of a seismic wave (Sims,

1975), which would account for soft sediment deformation.

Figure 19 illustrates the formation of a psuedonodules, which deformed between a

layer ofthickened sand which was overlying a clayey unconsolidated layer. This clay

layer was quite possibly highly saturated and its pore fluid capacity was over

compensated. The end result would be a reverse density deformation of simply a ball-

and-pillow structure (Blatt et al, 1980 in Mills, 1983). This loading in association with

rapid sedimentation and increased pore fluid concentrations allows for at least two trigger
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Figure 17. Photo showing intense directional shear silt and clay.

(Modified from Jones and Omoio, 2000)
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large recumbent fold

Figure 18. Photo showing large recumbent fold of silt and clay into a sand unit, knife is for

scale. (Modified from Jones and Omoto, 2000)
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Figure 19. Illustration showing the formation of a pseudonodule between a

layer of sand overlying a clayey unconsolidated layer,

(modified from Kuenen, 1958: in Mills, 1983)
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mechanisms to work in conjunction witli each other (Mills, 1983; Jones and Omoto,

2000). Jones and Omoto (2000) concluded that the deformation found in their study area

satisfied Sims' criteria: (1) they are in an area of active seismicity; (2) structures are

consistent with those produced experimentally by Kuenen in 1958; (3) the deformation

structures suggest liquefaction; (4) these deformation structures are related to a single

stratigraphic horizon correlatable over a large area; and (5) there was no deformational

influence by slope processes. Although the work by Jones and Omoto (2000) is based

upon volcanic induced pumice rich sands overlying lacustrine clays and silts, this paper

allows for a window into the possibility of identifying seismically induced glacial (soft)

sediment deformation in areas of Scotland.

Seed (1968) stated that if the magnitude of the cyclic stresses required increases

rapidly enough to induce liquefaction of a saturated sand then there is an increase in the

initial density of the sand. Continuing with the theory from Seed's (1968) laboratory

experiments; Jones and Omoto (2000) state that earthquakes of a magnitude less than 5

(Richter Scale) are said to cause little or no liquefaction within a radius of 4km, while at a

magnitude 7, there is little or no liquefaction beyond a radius of 20km. It is therefore

suggested that liquefaction and fluidization of both cohesive and uncohesive sediments

occurs at magnitudes of greater than 4.5 and that seismically related surface faults

propagate at magnitudes equal or higher than 5.5 (Jones and Omoto, 2000).

In trying to understand soft-sediment deformation, the extent of all the systems at

work within the soft-sediment should be defined. Greater knowledge of the deformation

processes should be undertaken. Liquefaction and fluidization are far more complex than

the simple idea of a rapid pore water escape and the return of the sediment to pore
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pressure equilibrium state. Reverse density gradation is more than the overlying coarse

sediments "sinking" as chunks into an over to well-saturated fine clay or mud unit. Shear

stress is not the easiest process of soft-sediment deformation to understand. This process

has to be the most complex due to its natural ability to include other processes in its

deformation of the soft-sediment. Slumping or slope failure is also a complex process in

that liquefaction and fluidization aid primarily in the soft-sediment deformation process.

In total, all the processes are truly intercoimected to each other. The literature does not

make a distinction that one of these four processes can or does only act on its own

throughout the deformation process.
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5.0 Chapters

5.1.0 Introduction

In selecting the thesis sites several criteria were borne in mind; first, accessibility

to the sites, the size and stability of exposures, the proximity to an active seismic zone,

the quality of stratigraphic control in terms of documented geological history of the sites,

and finally, sound evidence that the sites had not been overrun by subsequent glaciers.

Critical to this thesis was how to apply the criteria set out by Sims (1975) in

determining the cause and extent of the soft sediment deformation structures in relation to

earthquake activity.

Sims criteria for seismically induced soft sediment deformation structures

• Proximity to active seismic zones.

• Presence of potentially liquefiable sediments.

• Similarity to structures formed experimentally.

• Structures relating to liquefaction.

• Structures restricted to single stratigraphic intervals correlatable over large areas.

• The absence of slope influence and failures.

• Other sedimentological, biological, or deformational processes.

The first and most important of the criteria, and one that Sims (1975) used, as to whether

the three sampling locations were in close proximity to active seismic zones. Figure 20,

shows the numerous small to medium magnitude earthquakes recorded throughout

western Scotland during the 1969- 1984 period. During the Late Devensian and Early

Holocene, additional seismic activity was due to the effects of isostatic rebound, which is

a process that occurs during the early stages of ice sheet deglaciation in any formerly

glaciated area. Isostatic uplift can trigger episodes of earthquake activity in areas of

heavily faulted basement material. Figure 20, illustrates all the large faults that cross
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Scotland from east to west, notice the relative proximity of the three thesis sampling sites

to the two large major faults, the Highland Boundary and the Great Glen Fault zones.

Both Arrat's Mill and Meikleour are located immediately to the south of the

Highland Boundary fault (HBF), and Glen Roy is located within its own fault zone, the

Glen Roy Fault, and it is also to the south of the Great Glen Fault (GGF). Even though

Glen Roy is located within its own fault zone, the major trigger fault would be the GGF,

and that is the fault to which this thesis will relate any type of sediment deformation.
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Figure 20. Map showing numerous small to medium magnitude

earthquakes throughout western Scotland during the 1969-1984 period

Small symbols = 0.0-1.0 Magnitude; large symbols = 4.0-5.0 Magnitude

(from Davenport et al., 1989; data from the British Geological Survey)
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5.2.0 Paleoseismicity in Scotland

Beginning in the early 1 980s, there has been ongoing earthquake hazard

assessments in Scotland. The objectives of these studies have included the definition of

the seismotectonic associations, quantification of neotectonic movement and modeling of

seismicity and tectonics in relation to glaciation (Davenport et al, 1989). The evidence

for paleoseismicity in Scotland includes: surface fault movement during the late and post

glacial periods, soft-sediment deformation in lacustrine sediment attributed to seismic

shaking, and large landslides triggered by earthquakes. All of the evidence of

paleoseismic activity can be related to these major faults that cross Scotland and is also

supplemented with additional seismic activity related to rapid postglacial isostatic uplift.

5.2.1 Fault history of Scotland

Scotland has a highly fractured crust and a complex history of tectonics that

ranges from the Precambrian through the Quaternary. Major NE-trending faults form the

primary structural grain of the crust across the whole of the country (Figure 20). ft is

these major faults, the HBF and the GGF that have had the largest effect on the crustal

movements across Scotland. The three sampling sites are all located relatively close (<20

km) to these major faults and it is understandable that the deformation structures revealed

at these sites are likely to have a seismic origin if all other causative factors are ruled out.

The primary faults that cross Scotland all have a very similar trend to them

(Davenport et al, 1987). The Great Glen Fault (GGF), Highland Boundary Fault (HBF)

and the Southern Uplands Fault (SUF) are all major faults that are NE to NNE trending

and all three fault zones cross the entire country. In the Northern Highlands, there are
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WNW to NW trending faults that have evidence of Permo-Carboniferous and Tertiary

fault activity (Davenport et al., 1987). To the southern end of Scotland, there are fault

zones that trend from the E to ENE, NE and E-W, these faults tend to be of smaller scale

and lower tectonic activity then the more northern fault zones (Davenport et al., 1987,

Ringrose, 1987).

5.3 Chapter Summary

This chapter has presented a brief history on the paleoseismology of Scotland that

will set the scene with respect to the sample interpretations. Chapters Six through Eight

will introduce the three sampling locations and the thin sections that will be investigated

for paleoseismic deformations. All three sites are located near the HBF and the GGF,

these locations have all been affected by earthquake events in the past and it is hoped that

the evidence of these events will reveal themselves within the thin sections in the

following chapters.
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6.0 Chapter 6

6.1.0 Introduction to Arrat's Mill

Arrat's Mill is located approximately 4km east of the town of Brechin, in the

County of Angus. This site had a history of a landfill and has subsequently been re-dug

unearthing a new mappable section. The Arrat's Mill deposit is located within a group of

glacio-fluvial terrace remnants, which surround the Montrose Basin (Cullingford and

Smith, 1980) (Figure 21). These terrace remnants appear to have variable surface slopes

and are clearly associated with the group of East Fife shorelines (Cullingford and Smith,

1980). Sissons (1974) and Cullingford and Smith (1980) measured the height of the

Arrat's Mill terrace is approximately 19m above sea level and is considered to be co-

genetic with the East Fife shoreline which was dated at 14 750 BP for the whole sequence

of the shoreline (Andrews and Dugdale, 1970; Sissons, 1974). According to Ringrose

(1987) the Arrat's Mill deposits are older than those of the main Perth shoreline that has

been dated at 13.5-13.0 ka BP although the date for the shoreline is more likely to be

around the 15 ka BP date (Andrews and Dugdale, 1970; Sissons, 1974; Ringrose, 1987).

Following the retreat of the Aberdeen-Lammermuir Readvance, the ice located in the

Montrose Basin retreated into the Scottish Highlands and was followed by the Perth

Readvance. The ice from the Perth Readvance never reached the Montrose Basin, only

reaching Western Strathmore and the edge of the Strathmore Valley stopping just west of

Arrat's Mill and Brechin. Proglacial outwash fans at Arrat's Mill and Meikleour were

formed at this time. Subsequently a proglacial lake formed over the outwash sediments

at Arrat's Mill. This was followed by the ice retreating back into the Highlands and

never readvancing over the outwash sediments at Arrat's Mill.
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6.1.1 Arrat's Mill - Macrosedimentology

The Arrat's Mill site is approximately 70 m wide, 100 m long, and in places 8 m in

height. The samples were collected in the upper 2 to 4 m. The sediments exposed at Arrat's Mill

are part of a proglacial outwash fan sequence. The deposits in the section are very similar to

those found at the Meikleour site (Chapter 7). The sediments in the exposure contain very fine

sands and several layers ofmedium to coarse sands overlain by laminated clays. Throughout the

excavation pit, there are units of very fine clay and silt layers. Figure 22 represents a vertical

sediment section from Arrat's Mill.
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LSF

folded laminations

F1

— undeformed fine laminations

Ss

Lsf - Lacustrine fine sands

F1 - Sand/silt line laminations

Ss - Sands fine to coarse

Figure 22. Vertical section from Arrat's Mill. Samfdes were collected from the upper 2-3

metre of the sediment column. (Modified from Davenport and Ringrose, 1987)
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6.1.2 Deformation Structures at Arrat's Mill

The strata exposed in the Arrat's Mill location (Fig. 23) is a sequence of fine sands, silts

and clays. Ringrose (1987) interpreted the Arrat's Mill location as an eastward migrating

outwash fan with aeolian and fluvial sands and lacustrine silts and sands. Davenport and

Ringrose (1987) interpreted these deposits as possibly being of glacio-fluvial lake origin,

however examination of the sediments and the local geomorphology indicate this site is better

interpreted as a proglacial outwash fan, similar to the outwash fan at Meikleour. The

deformation structures present in this site are primarily dish and pillar structures (Figure 23 B).

These structures can be foimd throughout the upper laminated lacustrine deposits (Figure 22).

The dish and pillar structures, are found primarily in massive sands and silts (Figure 23B)

(Ringrose, 1987). The faults occur primarily between the pillar and dish structures above.

Davenport and Ringrose (1987) interpreted this series of deformation structures as the result of

liquefied flow causing pillars, followed by fault adjustment and the formation of dish structures

as late dewatering features. This sequence, according to Davenport and Ringrose (1987) would

have occurred within a very short time span, possibly as stages within a single process.
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Sample area

Figure 23. Photograph illustrating the excavation pit at Arrat's Mill. Photo is facing south,

with the sampling area to the east.

Rgure 23A. Eastern face ofArrat's Mill sand pit,
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Figure 23B. HigMy deformed sands and silts from Arrat's Mill.
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6.1.3 Micromorphological descriptions

The following three thin sections, representative of the samples taken from the site, are

described giving micromorphological description of the soft-sediment deformation structures

foimd at the Arrat's Mill site. They were all taken from the eastern face of the pit. The samples

were taken approximately 2-3m below the top of the exposure and were in a silt and sand layer

with fine laminations. The samples collected were close to the area that was sampled by

Davenport and Ringrose (1987) in order to compare the findings with previous work from the

site. Davenport and Ringrose (1987) and Ringrose (1987) interpreted the deformation structures

at the Arrat's Mill location as being formed due to liquefaction diiring a single deformation event

resembling an earthquake episode.

The three thin sections that were chosen are AMOlA(a), AMOlA(b), AMOlA(c)

(Figures 24, 25, 26). These samples were collected from the same layer of sediment over a

distance of 3-5m. These three thin sections are representative of 48 other thin sections. [All

photomicrographs of thin sections are orientated with the top of the sample towards the top of the

page.]

The first thin section, AMOl A(a) (Figure 24) shows a well developed laminated sequence

that is highly deformed. There are two rotation structures within this sample, one is considered

to be a galaxy structure (cf Stoops, 2003). The second rotation structure is found in a fold in a

thin clay layer. This second rotation structure appears to have been formed prior to the other

deformations, since the deformed laminations pass aroimd the rotation structure. The larger of

the two rotations has a relatively long tail that follows a thin clay layer and cuts through that

layer. There are four areas in this slide that contain convoluted bedding that appear to be
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deformed. Directly above the second rotation structure, there is a fauh that is clearly seen

through three clay and silt layers and it meets the upper rotation at approximately an 85° to the

vertical. A number of water escape structures can be seen throughout the thin section.

In the second thin section, beginning in the lower half of sample AMOlA(b) (Figure 25),

the laminated units are becoming increasingly deformed as they get closer to the top of the thin

section. The convoluted structures appear to be disrupted possibly by water escape process's.

Water escape structures can be seen throughout the thin section.

The third thin section, AMOl A(c) (Figure 26), reveals one normal fault in the upper

laminated section of the sample. A series of water escape structures can be seen throughout the

thin section associated with disrupted convoluted bedding.
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6.1.4 Thin section interpretation

In all of the thin sections from Arrat's Mill, it is apparent that the sediments were

strongly deformed. The evidence from Arrat's Mill illustrates disruption and deformation of

convoluted bedding, the presence of water escape structures, galaxy structures and localized

faulting. The possible causes for these deformation structures can be attributable to

external/internal stresses. These stresses can be due to overriding ice, overloading of additional

sediments or seismic events.

Direct ice-contact glacial processes can be discounted because no evidence exists

demonstrating glacier ice close to the site after fan deposition. Similarly, there is no evidence of

any form of mass movement in the local area to suggest loading/unloading or lateral removal of

support to the sediment pile. Finally, the only likely cause for the deformation structures are

seismic (earthquake-induced) processes. The type, size and variety of microstructures at Arrat's

Mill seem unlikely to be due solely to internal porewater pressure fluctuations. Porewater

movement and possible liquefaction and fluidization seems to have been externally induced by

seismic processes. Therefore, it is likely that the microstructures at Arrat's Mill are consistent

and attributable to seismic, neo-tectonic activity in the immediate post-depositional period.

To support the above interpretation, the formation of soft-sediment deformation

structures attributable to seismic activity is well documented in the literature (Sims, 1973, 1975;

Allen, 1975; Allen, 1982; Leeder, 1987; Fenton, 1992; Broster & MacDougall, 1997; Mohindra

& Bagati, 1996; Calvo et al., 1998; Jones & Omoto, 2000; Shiki et al., 2000). Typically, soft-

sediment structures that characterize paleoseismic activity varies, such as: fluidization and

liquefaction forms (Ambraseys & Sarma, 1969; Lowe, 1975; Claque et al., 1992; Dugue, 1995),
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ball and pillow, and dish and pillar structures (Visher & Cunningham, 1981; Seilacher, 1984;

Pope et al., 1997; Matsuda, 2000; Rodriguez-Pascua et al., 2000). All of these above

microstructures seen in the upper section at Arrat's Mill can be attributed to seismic effects

leading to porewater motion, and grain to grain differential motion of saturated sediment. A

further argument in favour of seismic activity is the relatively shallow nature of the structiires at

Arrat's Mill, the absence of any other apparent trigger mechanisms for such soft-sediment

deformation, the lateral extent of the deformation structures both at the macro- and micro-scales

(Sims, 1975; Florin & Ivanov, 1961; Fenton, 1992; Mohindra & Bagati, 1996; Jones & Omoto,

2000). Finally, the macro- and micro- structures at Arrat's Mill are remarkably similar to other

seismically induced structures reported elsewhere in the literature (Mohindra & Bagati, 1996;

Shiki et al., 2000; Stewart et al, 2000; Firth & Stewart, 2000). In conclusion, the microstructures

at Arrat's Mill seem consistent with a seismically induced origin. Arrat's Mill is located to the

south of the HBFZ (Highland Boundary fault zone) (~15km southeast), which is an active fault

system and it is conceivable that a seismic tremor could have triggered the deformation process.

Earthquakes of > 5 on the Richter Scale have been reported to the south of Brechin close to the

HBFZ (Davison, 1 924), certainly this lends credence to the possibility that seismic action

accounts for the microstructures observed at Arrat's Mill. Both Scott & Price (1988) and Leeder

(1987) have argued that earthquakes of magnitude 5 or greater on the Richter Scale may cause

liquefaction in wet sediment at a radius from the seismic source of 4 to 6 km; and at magnitudes

of 6 or greater liquefaction may occur from 10 to 20 km. In the immediate postglacial period

seismic activity in Scotland may have reached higher levels of frequency and magnitude
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compared today as a function of crustal isostatic readjustment to ice sheet removal (Sissons &

Cornish, 1982; Fenton, 1992; Stewart et al., 2000).

83





7.0 Chapter?

7.1.0 Introduction to Meikleour

Meikleour is located 6km south of the town of Blairgowrie in Perthshire. The

sampling site is located on a terrace (Figure 27), that was cut by the River Tay as it

crosses the property of the Meikleour Estate. This location was originally excavated and

sampled in the mid-80s by Davenport and Ringrose (1985, 1987), and has since been

backfilled and used as a debris pit for the groundskeeper of the estate. The whole area of

the Meikleour-Blairgowrie site was originally a large outwash delta fan, mapped by the

British Geological Survey as the Meikleour Outwash Terrace (Davenport and Ringrose,

1985, 1987, Menzies and Taylor, 2003). Davenport and Ringrose (1985, 1987); Ringrose

(1987); Davenport et. al (1989); Menzies and Taylor (2003) and others have all used

samples from this site as well as theorized as to what caused the deformation structures.

The major hypothesis that has been discussed by all those that have studied the Meikleour

site is that of liquefaction. Davenport and Ringrose (1985, 1987) did not come to the

conclusion that an earthquake event caused the deformation but they also did not

disprove the idea. Menzies and Taylor (2003) speculated that the deformation structures,

although being of liquefaction induced deformation, were in fact caused by the cyclic

shaking caused by one or more earthquakes.
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7.1.0 Macroscale Sedimentology

The samples collected at the Meikleour site were taken from an exposure at the

terrace edge of the Late Devensian, Meikleour-Blairgowrie outwash fan. The terrace

exposure consists of fine sands with the occasional coarse sand units and horizons

containing small pebbles. The exposure is 4m in height and 20m wide, with the sampling

area approximately 2.5m from the top of the exposure. There is a clay/silt material in the

lower portion of the deposit. Figure 28 illustrates a vertical section through the

Meikleour site. Where bedding can be seen, in the sandier portions, laminations are

common. In the fine sediments, laminations that are tightly spaced (laminations <lcm)

would suggest a lacustrine environment. The visible macro-structures are load structures

that can be seen throughout the sand and silt layer near the upper portion of the outwash

fan (Figure 29). In some of the load structures, some cross-bedding can be observed.

Sand units can be seen to cross the exposure laterally with the sediment becoming coarser

towards the upper portion of the exposure.

7.2.0 Deformation Structures at Meikleour

The dominant macroscale structures at Meikleour are load structures and water

escape structures (Figure 29). Explanations for the macro-structures at Meikleour have

been proposed by Davenport and Ringrose, but it is the purpose of this chapter to extend

that explanation and compare them to the micro-structures also observed at Meikleour.

In interpreting the macro-structures at Meikleour, Davenport and Ringrose suggested that

all evidence pointed to a paleoseismic origin for the structures citing (1) the large number
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of structures and discontinuities that developed whilst the sediment was soft and, at

times, liquefied or fluidized.
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(2) deformation appears to have been initiated in situ with Hmited horizontal

displacement, (3) structures appear to be omni-directional, and (4) that the phases of

liquidization appear to have occurred in a matter of minutes and/or hours(Davenport and

Ringrose, 1987).

In sampling for microstructures, care was taken to sample where macrostructures

were visible (Figure 30,30A), and also to sample where the sand unit appeared to be

massive with no apparent macro- or microstructures. It was expected to find structures in

the massive sand unit similar to those found in the areas of visible structures. This was

done to establish a link between the macro- and microscale, and to identify deformation

structures that are visible and those that are not. In both instances results showed that

microstructures were observed and were often similar to those structures seen at the

macroscale.
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Figure 30. Photograph of flame structure, in Kuhiena tin at Meikleour.

Figure 30a. Photograph of large load structures at Meikleour.( shovel is 44cm in length)
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7.3.1 Micromorphological descriptions

Three samples were collected from a single column on the face of the excavation.

As with the Arrat's Mills samples, great care was taken in sampling in the same sample

locations as Davenport and Ringrose (1985, 1987) and Menzies and Taylor (2003).

Three thin sections are shown here that are illustrative of the distinctive microstructures

found at Meikleour, viz.: MKOlC(a), MKOlC(b) and MKOlG(b) (Figures 31, 32, 33).

The first thin section, MKOIC(A) (Figure 31), can be described as having three

distinct zones. The first zone contains coarser sand than the other two zones, this zone

has a visible flame structure that has been deformed. In the second zone, there are few

structures apparent. Those that are visible are primarily water escape structures. The

third zone, in the upper portion of the thin section, is comprised primarily of silt with thin

clay bands that extend from the upper left comer to the lower right. Faults all tend to

cross the silt and clay bands from right to left and are normal faults. The trace of the

largest of the fault becomes truncated where it meets a longer lineation alinged from the

upper left to the lower right.

MKOlC(b) (Figure 32) shows three areas similar to those in the first thin section

described, although the coarser sand area does not show as much, if any, deformation

structures as in the first thin section. The second area of silt is highly deformed and

contains a few small faults that are all oriented toward the top of the thin section. This

area also contains some fragments ofthe coarser sand zone that have been included into

this area presumably during a dewatering event. The third (upper) area of silt contains a

small number of faults but not as many as the first thin section. There is a long lamina
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oriented parallel to a set of small faults in the upper right comer of the thin section. In

the first sample, the lineation was located more towards the middle of the sample.

The last sample from Meikleour is MKOlG(b) (Figure 33), this sample reveals a

high degree of deformation within the soft sediment of the outwash terrace. A large fold

ofthe thin silt and clay bands is the largest and most distinct ofthe deformation

structures. The large fold is shadowed by two to three fold shadows in the irmer portion

of the structure. The fold shadows appear to resemble deformed laminae, although they

are actually fine deformations of the sediment that "mimic" the large fold. There are two

areas that are at either end of the thin section that indicate water escape and possibly

liquefaction. The sand matrix that surrounds the three deformation structures appears to

be massive and does not reveal any other types of deformation structures.
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7.3.2 Thin section interpretation

The sediments examined, at both the macroscopic and microscopic scales at

Meikleonr, indicate that intense soft-sediment deformation processes have taken place

close to ground surface (2.5m from top of exposure) between relatively confined lateral

stratigraphic layers. There is no evidence to suggest that the structures have been

shortened as a whole. Because the deformation structures all seem to occur within fmer

grained clay-enriched layers, it seems likely that the deformation structures formed

without any apparent orientation. As discussed by Davenport & Ringrose (1987), the

sediment macrostructures at Meikleour exhibit evidence of soft-sediment deformation,

most probably resulting from fluidization and liquefaction processes that occurred over a

very short time span. It is likely that the time period for fluidization and liquefaction to

occur would have been over a couple of minutes to hours, because the sand would have

drained quickly.

The thin-sections show evidence of intense folding, water escape and load

structures. In many cases folded units are horizontal, in some cases fractured and

associated with clay translocation usually at the leading edges of folds. Microstructures

detected at Meikleour can typically be interpreted as being indicative of soft wet

sediment deformation (Menzies, 2000). Before discussing which process(es) may be

responsible for the microstructures, it is apparent from the variety, and the overprinting of

many of the structures, that the development of the structures most likely occurred after

deposition and therefore were due to post-depositional processes. The deformation

appears to indicate wet conditions (Pickering, 1987) and may well have occurred in the
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penecontemporaneous phase while a large lake(s) still existed in the vicinity of the

Meikleour site.

Direct ice-contact glacial processes such as ice overriding can be discounted

because no evidence can be shown that indicates glacier ice came close to the site after

outwash fan deposition. There is no evidence of mass movement in the local area to

indicate lateral removal of support to the sediment package. Fluvial action can likewise

be discounted; however, a rapid fall in lake levels close to and impinging on the site is

possible especially in the immediate post-depositional period. Any distinction between

lake level affecting porewater pressure drawdown and seismic action producing

microstructures of the nature observed at Meikleour must be further considered. The

type, size and variety of microstructures at Meikleour seem unlikely to be due solely to

porewater pressure fluctuations. Although porewater movement and possible

liquefaction and fluidization seems to have produced many of the structures, others

indicative of lateral folding and faulting seem inconsistent with porewater drawdown and

thus lake level effects do not seem to explain the structures at Meikleour. It is therefore

likely that the microstructures at Meikleour are attributable to seismic, neo-tectonic

activity in the immediate post-depositional period.

Earthquakes ^5 on the Richter Scale have been reported to the south of Dunkeld

<12 km to the west, northwest of the Meikleour site (Davison, 1924). Davison (1924,

p.62) records earthquakes near Dunkeld of considerable magnitude; other large

earthquakes are also well documented for the Comrie and Inverness areas and are said to

have been felt in the Strathmore area. As noted in the discussion in Chapter 6 on the

Arrat's Mill site, Scott & Price(1988) and Leeder (1987) have argued that earthquakes of
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magnitude 5 or greater on the Richter Scale may cause liquefaction in wet sediment at a

radius from the seismic source of 4 to 6 km; and at magnitudes of 6 or greater

Hquefaction may occur from 10 to 20 km. The 1816 and 1822 earthquakes to the south of

Dunkeld (within 10 km of the Meikleour site) appear to have been of sufficient

magnitude that such seismic effects may have occurred in the past. Likewise in the

immediate postglacial period, seismic activity in Scotland may have reached higher levels

of frequency and magnitude (as noted in Chapter 6) compared today as a function of

crustal isostatic readjustment due to ice sheet disintegration (Sissons & Cornish, 1982;

Fenton, 1992; Stewart et al., 2000).
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8.0 Chapters

8.1.0 Introduction to Glen Roy

The final sampling location in Scotland was in Glen Roy, located 1 5km to the

northeast of Fort Williams in the Lochaber region of the Scottish Highlands,

Invemessshire. Glen Roy lies along a fault line trending between 155° and 180°N and

intersects the Great Glen Fault (GGF) (Davenport et al, 1989) (Figure 34). These two

fault lines intersect at the northern limit of Glen Roy, while the GGF is aligned southwest

-northeast across Scotland. This major fault continues well into both the North Sea to the

northeast and the Irish Sea to the southwest. It parallels the Highland Boundary Fault

(HBF), which is the southern limit of the Highlands. Glen Roy was chosen as a sampling

site due to its location near major fault lines that are still active (Davenport, et al, 1989).
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8.2.1 Macroscale Sedimentology

The sediments found in Glen Roy are primarily of glacio- lacustrine origin with

little to no glacial reworking. The lacustrine sediments were deposited while the area

was a large glacially danuned lake during the Late Devensian (Sissons, 1979, Davenport

and Ringrose, 1987). Laminated silts and clays are very typical of this area with some

sand layers included in the varve sequences. These sand layers are typically found

interbedded with the clays and silts and also include some coarse gravel. Figure 35 is a

vertical section (3m above the road) of the sediments found in Glen Roy, notice the

laminated area that divided three areas of deformation. These areas of deformation

include flame and fold structures that are both above and below the undeformed

laminated silts and clays.
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8.2.2 Deformation Structures at Glen Roy

Glen Roy has one of the most remarkable and famous glacial landform sets in

Britain that display the glacial actions during the "Ice Age" with the presence of the

"Parallel Roads" (Figure 36). However, these roads are not truly roads, but are evidence

of the former lake levels that were controlled by the presence of major ice lobes during

the last major Devensian glaciation (Sissons, 1979). Sissons and Cornish (1982) noted

the roads were offset shorelines of formerly ice-dammed lakes in the glen. Since Sissons

and Cornish (1982), much of the research, (Davenport and Ringrose, 1985, 1987;

Ringrose, 1987), compiled in Glen Roy has been related to paleoseismic deformation.

Ringrose (1987, 1989a) has provided much of the paleoseismic work associated with the

crustal block movements using deformed lacustrine sediments in Glen Roy, Glen Gloy

and the neighbouring Glen Spean to show that the deformations were associated with a

highly concentric zone around the offset shorelines (Fenton, 1992). These areas of

deformed lacustrine sediments are typical of the deformation structures and styles

proposed by Sims (1975) from the Van Norman, California earthquake events.

Laminated silts and clays were deposited on the lake beds and make up beds l-3m

in thickness (Davenport and Ringrose, 1987). These lake sediments have been observed

to have deformation structures throughout the glen area. Davenport and Ringrose (1987)

developed a sampling procedure for 50 sites throughout the glen in order to map the

deformations. They determined that there was slumping, faulting and fault grading

stratigraphy. They found slumping above varve sequences and determined that the

slumping did not deform the varves (Davenport and Ringrose, 1987). They also

determined that small faults were not indicative of slumping and the displacement of
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Bgure 36. Photo illustrating the "Parallel Roads" of Gku Rov.
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sediment did not suggest large-scale deformations. Fault grading is a term suggested by

Seilacher (1984) to describe a sequence showing undisturbed sediment with occasional

faults. These would grade upward into a zone of dense micro-faults, finally grading into

a "soupy" zone. Seilacher (1984) suggested that this fault grading has a strong seismic

origin.

8.3.1 Microniorphological descriptions

Samples were collected at several excellent exposures (Figures 37A, B ). In total

30 samples were collected fi-om 5 exposures. Three representative samples from the

collection will be used for thin section description and interpretation. The thin sections

for Glen Roy are from samples GR01(3A)A, GR01(3B), and GR01(3C)B (Figures 38,

39, 40). These samples were collected from sites that were all at the same elevation

within the glen (35m above the river) and they were all in areas of large deformation

structures (Figure 37A).
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GR01(3A) (Figure 38) reveals a highly deformed sih and clay zone. There are

large areas of this thin section that have smaller deformation structures within them.

These other structures include faults, and other structiires produced by liquefaction. In

the lower area of coarser sands, there are very fine shear lines that are orientated at

approximately a 45° angle from the upper left to the lower right.

Thin section GR01(3B) (Figure 39) was chosen since the sample has clearly

defined layering. The sample is highly deformed from top to bottom. The middle layer

has the most deformation structures. In the centre of the thin section there are a series of

fine shear lines and other larger normal faults that have different orientations. This area

of deformation is contained in a fine silt layer. There is an area of non-deformed silts and

a lower layer of deformed silts and clays that border a coarser sand layer.

Thin section GR01(3C)B (Figure 40) has three distinct layers through it: lower

sand layer, a middle contorted fine silt and clay layer, and an upper sand layer. In the

lower right comer of the thin section, there is a fault that is almost perpendicular to the

coarser and finer layers. Below this fault, there is a small area ofheavy minerals or clay

that has been slightly deformed and has formed a small pocket of fine-grained sediments

within a coarser layer. The most interesting section of this sample is the center layer of

fine silts and clays. This layer is dominated by two large flame structures in the upper

left comer that surround a small load stmcture that never fiilly developed into the silt and

clay layer. Beneath this load stmcture, there is an area of deformed sand and silt that

have been folded and pushed into the fine silts and clays from the left towards the center.

Beneath this flame stmcture, there is a small fault that is above a smaller flame stmcture
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that has the same orientation as the fault and the large flame structure above it. To the

right of the large flame structure, there is a load sequence of silt and clays in a water

escape structure at the upper level of this fine silt and clay layer. This load sequence

continues to the right and grades into a series of flame structures that are much smaller

than those in the left part of the thin section. Beneath this area of load sequence and

small flames, there is a zone of deformation where the fine silts and clays have been

removed and sand has flowed into the area from below. This small deformed area has

some silts and sands possibly mixed during the deformation process. The upper layer of

this thin section is massive but contains a series of near vertical water escape paths.
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8.3.2 Thin section interpretation

In Glen Roy, the lacustrine sediments were mapped by Davenport and Ringrose

(1987) as varve sequences and used in the same manner as those by Sims (1975) for

identifying earthquake deformations. Davenport and Ringrose, 1987 used these varve

sequences for the work in the Glen Roy area. They used 50 sites where the lacustrine

sediments were deformed due to earthquake activity. Davenport and Ringrose (1987)

concluded that the deformations decreased with distance outwards from the central zone

into the peripherally undeformed sediments. The deformation structures identified in the

three thin sections from Glen Roy were similar to those found in Arrat's Mill and

Meikleour.

Ringrose (1987) identified two potential deformation zones within the area of

Glen Roy. These two zones occurred at separate times and due to separate events. The

outcome of these two events can be traced through the area at different exposed sections

as seen during the recent visit by this author. Between the two events Ringrose (1987)

also identified a period of lacustrine sedimentation in the glen itself In order to fully

interpret these two events, it is important to define the trigger mechanism(s) that could

have deformed the sediments. Glen Roy lies on its own fault line and is in close

proximity to the Great Glen Fault to the north of Glen Roy. These two fault systems have

been active since the last glacial advance through the area. The first deformation event in

the Glen appears to have been triggered by the cyclical shaking induced by earthquakes.

By using the criteria of Sims (1975), the deformation structures can be traced over a large

area and are typically found in the same layers over great distances. The second

deformation event was a period of slumping. This type of deformation can also be
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attributed to earthquake events, but is more difficult to identify using Sims' (1975) set of

criteria. Due to the nature of the Glen Roy area, (u-shaped valley) it would appear that

some slumping would have taken place in the post-lake period. Ringrose (1987),

Davenport and Ringrose (1985, 1987) have determined that the slumping occurred while

the lake and ice were still present in the glen. Due to the relative proximity of the

slumping to the present day "roads" it would be safe to say that the sediment slumped due

to an earthquake or having been triggered by a glacial movement creating a cyclical

shaking event in satiu^ated sediments. This second event could be connected to a possible

"jokulhlaup" proposed by Sissons (1979a). This jokulhlaup theory could only be

possible for the fmal drainage of the ice-dammed lake in the glen. It would not include

the liquefaction of the first event due to the inclusion of lacustrine deposits in the

liquefied sediments. It is clear that the flame structures, the ball and pillow structures and

the graded sediments are all deformed by the cyclical shaking while they were under the

last lake level (Ringrose, 1987).

The thin sections from Glen Roy reveal soft sediment deformation structures that

resemble those found in the thin sections from Arrat's Mills and Meikleour. These

deformation structures include ball and pillow, flame, pseudonodules, rotation structures

and load sequences. These structures are important signatures of paleoseismic

deformation within the glacio-lacustrine sediments found in all three sampling locations.
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9.0 Chapter 9

9.1.0 Introduction

This chapter will present the final interpretation of paleoseismic deformation

structures identified in the thin sections from Arrat's Mill, Meikleour and Glen Roy,

Scotland. These interpretations are based on the thin section descriptions and

interpretations from Chapters 6, 7 and 8. Finally, this chapter will conclude with a thesis

summary and some final thoughts on the implications of this study.

9.2.0 Discussion on the Paleoseismic Deformation

The sediments examined, at both the macroscopic and microscopic scales, at the

three sampling locations indicate that intense soft-sediment deformation processes have

taken place close to ground surface (less than 3m fi-om the top of the exposure) within

relatively confined lateral stratigraphic layers. There is no evidence to suggest that the

structures have been shortened as a whole. As discussed by Davenport & Ringrose

(1987), the sediment macrostructures at the three sampling locations exhibit evidence of

soft-sediment deformation, most probably resulting fi-om fluidization and liquefaction

processes that occurred over a very short time period

The microstructures lack any preferred orientation; are of a wide variety of forms,

often nested; and in comparison with other similar wet sediment deformation

microstructures (Lowe 1975; Allen 1982; CoUinson & Thompson 1982; Pickering 1987)

reveal a much more chaotic arrangement. The structures also seem preferentially located

in slightly finer-grained, and clay-enriched units. Following deposition there is no

evidence of later ice sheet readvance across these sites (Paterson, 1974; Menzies & van
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der Meer, 1998). The thin-sections show evidence of intense folding, collapse, sag and

load structures. In many cases folded units are horizontal, in some cases fractured and

associated with clay translocation usually at the leading edges of folds. Microstructures

detected at the three sampling locations can typically be interpreted as structures

indicative of soft wet sediment deformation (Menzies 2000).

In general, sediments deform as a result of external or internal stress

application(s) in the form of static loading, unloading, overriding, undermining or

dynamic applications. In the latter case the stress application may be monotonic (a single

"effect") or cyclic (repeated "effects"). Stresses may be induced by a variety of agents

such as glacial processes, mass movement, fluvial undercutting or lateral erosion,

porewater pressure changes due to lake level effects, and tectonic impacts. The stresses

may occur during or after deposition and may impact upon a complete sediment pile or

only sediment at depth or near surface. Before discussing which process(es) may be

responsible for the microstructures, it is apparent from the variety, lack of preferred

fabric, and the overprinting ofmany of the structures that the development of the

structures most likely were due to post-depositional processes and were not

syndepositional. The deformation appears to indicate wet deformation processes

(Pickering 1987) and may well have occurred in the immediate post-depositional phase

while a large lake(s) still existed in the vicinity of the Meikleour and Arrat's Mill sites or

immediately following draining of the ice-dammed lake at Glen Roy. The number, size,

disorientation and overprinting of so many structures typical of liquefaction and

fluidization appears typical of cyclic loading over a very short time span.
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Finally, the only likely explanations for the microstructures at the three sites

would be possible seismic (earthquake-induced) processes. The type, size and variety of

microstructures seem unlikely to be due solely to porewater pressure fluctuations since

they appear to have been induced over a short time period, exhibit a random orientation

and occur only close to the ground surface. Although porewater movement and possible

liquefaction and fluidization seems to have produced many of the structures, others

indicative of limited, nonoriented, lateral folding and faulting seem inconsistent with

porewater drawdown and thus lake level effects do not seem to explain the structures

(Paterson, 1974, Davenport and Ringrose, 1985, 1987). The effects of seismic shocks at

a distance of less than 20km and at levels around 6 on the Richter Scale resulted in

shallow, near surface, re-adjustment of porewater and fine grained sediments causing

clay and silt translocation, fine sediment sub-horizontal folding, and localized

overloading causing density differences leading to load structure formation (Pickering,

1987). These post-depositional shocks were most effective probably when the sediments

were still saturated and therefore must have led to the development of the structures at

Arrat's Mill, Meikleour and Glen Roy in the earliest post-depositional time. That the

structures only occur along one shallow horizon at all of the sites would appear to

indicate that once the sediment began to dry-out the impact of any later seismicity would

not have been translated into further structures being formed.

In conclusion, the microstructures at Arrat's Mill, Meikleour and Glen Roy seem

consistent with a seismically-induced origin as the only explanation for both macro- and

microstructures observed at the three sites. It has also been demonstrated that, even
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without the presence of macrostructures, the use of micromorphology techniques in

detecting such activity within sediments is of immense value.

9.3 Thesis Summary

In this thesis, micromorphology was used to investigate sets of soft-sediment

deformation structures found at shallow depths at three sample sites in Scotland. All of

the sites chosen were within 20 km of active faults. Past records of seismic activity

established that these faults remain active today and possibly were more active

immediately following deglaciation in the Late Devensian (13.0 - 11 .0 ka BP). At all

three sites well established glacial stratigraphy reveals that none of the sites were

overridden by later ice movements and that immediately following sediment deposition

as glacial outwash fans (Arrat's Mill and Meikleour) and as glaciolacustrine clays on the

bed of an ice-dammed lake (Glen Roy), the sediments were in a saturated state and

therefore probably highly susceptible to seismic activities. The focus of research was to

investigate whether the microstrucutres observed at the three sites could be interpreted as

evidence of soft-sediment deformation structures attributable to paleoseismic activity.

Using micromorphology to investigate these deformation structures and utilizing Sims

(1975) deformation criteria, all three sites appear to contain microstructures and

macrostructures that are best explained by seismicity, most probably in immediate post-

depositional time when the sediments were still saturated.

At all three sites ample macrostructure evidence was available, and the use of

micromorphology to investigate microstructures has helped to establish, from the

interpretation of these microstructures, clear evidence that supports of the effects of
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seismicity. It is evident that micromorphology is a useful and innovative tool that can be

used in sediment investigations where large and accessible exposures do not exist.

Micromorphology has demonstrated that details of soft-sediment deformation can be

clearly observed in thin section and the mechanics of sedimentological processes

interpreted from them. It is also apparent that much research needs to be done in the

detailed analyses of soft-sediment deformation processes and resultant structures at the

microscale. Evidence world-wide, for example, fi-om Japan, Spain and Venezuela has

aheady demonstrated that micro- and macrostructures almost identical to those in

Scotland have been produced by seismic effects. However, more data needs to be

gathered and further micromorphological investigations completed on susceptible

sediments to establish a classification of seismic microstructures similar in style to those

now being developed for subglacial sediments. Once such a classification has been

developed, investigations into sediments previously regarded as non-susceptible and/or

thought to have been deformed by other agencies can be analyzed. There remains much

to be done in terms of the micromorphological analyses of soft-sediment deformation

structures. Much remains unknown such that an exciting and new field of sediment

investigation should yield many novel and interesting discoveries over the next few

years.
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