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 ABSTRACT 

The Canadian National Memorial Site, near Vimy, Artois, France, commemorates 

the WWI Battle of Vimy Ridge, where all four divisions of the young Canadian Corps 

fought together with the British Forces to liberate the French ridge.  Today, trench 

systems and an extensive subterranean network of tunnels underlie the gentle landscape 

of the park, which is visited each year by hundreds of thousands of tourists.  Failure 

within these excavations is expressed as local subsidence and is potentially hazardous to 

the public. 

 The following research identifies the geologic factors that influence instability in 

the excavations and how these factors vary both with depth and lateral extent.  The Artois 

region of northern France is underlain by Upper Cretaceous chalk with a thin veneer of 

Paleocene sediments.  Structure is dominated by the northwest-southeast trending Weald-

Boulonnais anticlinorium.  

Three principal geological controls govern failure within the excavations at the 

Vimy site: lithologic variation, structural geometry and carbonate dissolution.  An 

extensive stratigraphic study identified variable horizons such as chalk marls, nodular 

chalks, hardgrounds and flint seams, which affect the strength, permeability and structure 

of the rockmass.   

Structural geometry in the chalk varies with depth and clay content.  Orthogonal 

fracture patterns are typical in pure carbonate rockmasses, whereas inclined conjugate 

sets occur in clay-rich chalk.  Three failure mechanisms were observed in the Vimy 

excavations that vary with structure and lithology.  Beam failure via block fall-out is 

observed in pure chalk with subhorizontal and subvertical structures.  Ravelling, the 
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upward propagation of roof failure, is typical of closely spaced inclined jointing, and is 

also observed in shallow clay-rich lithologies.  Finally, dissolution pipes occur at the 

intersection lineations of conjugate joint sets, and are also typical of clay-rich lithologies.  

Dissolution by meteoric groundwater is identified as the third geologic control and 

results in a decrease of intact strength, weakening of joint surfaces and overall loss of 

confinement in the rockmass, thereby initiating the failure modes described previously.  

 These extensive geologic studies help to pinpoint the origins and variability of 

instability in the rockmass at the Vimy site.   
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CHAPTER 1 - INTRODUCTION 
 
 
1.0 INTRODUCTION 

  The role of geologic study prior to large-scale stability assessments is becoming 

increasingly prevalent.  Without fully understanding the geologic conditions at a 

particular site, it is not possible to address ground control properly.  The following thesis 

is a geologic assessment of instability in WWI excavations, which underlie the Canadian 

National Memorial Site at Vimy, France.  Failure within the excavations is expressed as 

local subsidence at ground surface and may be hazardous to the public.  Ultimately, this 

research aims to contribute to a comprehensive campaign of risk mitigation at the Vimy 

site.   

 The dissertation is organized into five chapters, followed by references and the 

necessary appendices, outlining the methodologies employed during research.  Chapter 1 

provides basic background information, including historical significance of the site, 

research objectives, geologic setting and previous studies.  Chapter 2 presents and 

discusses the stratigraphic study completed for the Vimy site and the implications this has 

for ground control.  The engineering geologic conditions observed on site and the 

resulting structural controls on excavation failure are outlined in Chapter 3.  In Chapter 4, 

the long-term geologic processes of diagenesis in the meteoric environment are presented 

and discussed with reference to material degradation.  Finally, the research is summarized 

in Chapter 5 with concluding remarks and recommendations for future studies.   
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1.1 CANADIAN NATIONAL MEMORIAL SITE 

  The Canadian National Memorial Site near Vimy, France, commemorates the 

World War I (WWI) Battle of Vimy Ridge.  Vimy holds historic significance for 

Canadians, as it marks the first time that all four divisions of the young Canadian Corps 

fought together as a unified entity.  After the Great War, approximately 117 hectares of 

land surrounding the battlefield were donated to Canada, in perpetuity, in recognition of 

the Canadians’ contribution to the Allied Forces.  Today, the site remains under Canadian 

care and is maintained by Veteran’s Affairs Canada and Parks Canada.   

 

1.1.1 Battle of Vimy Ridge 

Vimy Ridge, at its highest point, lies at an elevation almost 100 m above its 

surroundings and  provides sweeping views of much of northern France, most importantly 

of the coalfields of Lens and Douai to the northeast and the merchant city of Arras to the 

southwest.  At the outset of WWI the defensive advantage of holding Vimy Ridge was 

not overlooked and in 1914 the Germans claimed it as they advanced westward. Vimy 

Ridge was part of the line known as the Western Front, which extended from the English 

Channel to the Swiss border (Fig. 1.1).  French attempts to regain the ridge in 1915 

resulted in heavy losses as the Bavarian Army Group was heavily entrenched in the 

higher ground.  In 1916, the British Expeditionary Force (BEF) took up the offensive 

position in the Vimy trenches (Turner, 2005).   
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Figure 1.1 – The location of the Western Front in northern France and Belgium for the 
duration of the Vimy offensive.   
 

To expel the German Forces from their highly structured defences, the BEF 

depended on infantry assault tactics (Turner, 2005).  General Sir Henry Horne, the 

commander of the First Army of the BEF, chose the four divisions of the Canadian Corps, 

under the leadership of Lieutenant-General the Honourable Sir Julian Byng, for the 

offensive at Vimy Ridge.  Each of the four Canadian divisions was split into battalions, 

which were populated on a regional basis (i.e., Western Ontario, Eastern Ontario, New 

Brunswick), thereby contributing to the cohesive spirit of the Corps (Berton, 1986).   

Although preparations and raids had been ongoing for months, Easter Monday, 

April 9th, 1917, marked the date set for the initiation of the Vimy-Arras offensive (Turner, 
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2005).  At 0530 hours that morning, the skies opened up and the initial artillery 

bombardment declared the onset of the battle.  The 1st, 2nd, 3rd and 4th Canadian Divisions, 

along with the 5th British Division, formed an offensive line along the Vimy Front and 

pressed forward simultaneously to their respective targets, encompassing the northern 

heights of Vimy Ridge.  By last light on April 12th, the ridge was in Allied possession and 

the German Forces had retreated to the new Hindenburg line.  The victory achieved at the 

Battle of Vimy Ridge was seen, by many, as a defining moment in the development of 

Canadian national identity (Berton, 1986).   

In total, approximately 170,000 soldiers participated in the operation at Vimy 

Ridge, 97,000 of whom were Canadians (Turner, 2005).  In the course of the 4 day battle 

alone, approximately 30,000 soldiers pressed forward, over 7,000 of these men were 

wounded and 3,598 were killed.  It should be noted, however, that with the inclusion of 

the months of preparations before the Vimy offensive, a total of 9,553 lives were lost 

(Berton, 1986).   

 

1.1.2 WWI Excavations 

 The First World War marked a major shift from traditional open-field combat to 

trench-style warfare.  In 1914, once the initial German advance was arrested, a static 

entrenched combat style was begun and lasted until 1918.  This resulted in a primarily 

offensive trench and excavation system on the Allied front and a much more defensive 

infrastructure on the German front.  Allied trench systems were therefore less permanent 

or sophisticated than those of the Germans, often resulting in smaller excavations with 

less comprehensive support systems (Doyle and Bennett, 1997).  The role of geologists 
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became increasingly important because of this style of warfare and they were employed 

in several areas, such as assessing groundwater supplies and estimating geologic 

conditions for tunnellers (Rosenbaum, 1989).  Of these geologists, among some of the 

most notable are Lt. W.B.R. King (King, 1919) of the BEF and Major Edgeworth David 

of the Australian Forces (Rosenbaum, 1989).   

 An extensive network of military excavations is present at Vimy as the Allied 

Forces were in a long-term offensive position from 1914 – 1917: the French from 1914 – 

1916 and afterwards the British from 1916 – 1917.  Excavations at Vimy include 

trenches, dugouts, subways, and fighting tunnels, as illustrated in Figure 1.2.   

 

Figure 1.2 – A simplified 
diagram illustrating the four
major types of excavations 
constructed at the Vimy site: 
trenches, dugouts, subways 
and fighting tunnels.   
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Trenches are typically open-air linear excavations, of varying depth below ground 

surface, which provided cover for military personnel and armaments.  Their purpose was 

two-fold: 1) as fighting trenches and 2) as communication trenches.  Both types of 

trenches were typically reinforced with some form of metal sheeting, held in place by a 

combination of timbers and sandbags.  Fighting trenches were designed with regular 

intervals of bays in order to limit the effects of shelling and enemy fire within the 

excavation.  They ranged in depth depending on the topography and depth to the water 

table (Doyle et al., 2002).  Widths of the trenches varied from 0.8 m at the base up to 

approximately 3 m at ground surface.  Communication trenches were of variable length, 

connecting the rear sites to the front lines, and were often dug in a zig-zag pattern.  They 

typically had similar dimensions to those of the fighting trenches (Doyle et al., 2002). 

A variety of dugout types, which extend underground from the trenches, were 

engineered along the Western Front.  Their size and location were dependent on local 

conditions such as geology, water, and the need for protection from artillery 

bombardment and noxious gases.  Doyle et al. (2002) identify three major types of 

dugout: 1) shallow excavated shelters, 2) cut-and-cover dugouts and 3) deep mined 

dugouts.  Shallow excavated shelters were mainly used early in the war prior to the use of 

increased artillery power and provided only minimal shelter from bombardment.  More 

protection was offered by cut-and-cover dugouts, as they were typically deeper and 

reinforced with layers of protective material to dissipate the energy of blasts.  The safest 

form of excavation, however, was the deep mined dugouts and these were the preferred 

variety by mid-1916 as a protective housing for troops (Doyle et al., 2002).  The format 
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of dugout systems varied from simple chambered galleries to extensive complexes of 

large chambers that housed thousands of troops.   

Subways were tunnels that extended from the rear areas to the forward trenches to 

supply infantry, artillery and other supplies to the front lines.  Typically these were linear 

excavations that ran roughly perpendicular to the front line.  The tunnels were constructed 

at depth, up to 10 m below ground surface, to exploit the most ideal geologic stratum, but 

were sometimes excavated in unfavourable material, depending on the circumstances.  

Subway width was kept to a minimum to promote stability in the roof span but was 

necessarily large enough to provide material and personnel transport, which resulted in 

dimensions of approximately 2 m in height by 1 m across (Rosenbaum, 1989).   

Offensive tunnels, in contrast, were primarily used for the placement of explosive 

charges beneath the opposing front lines.  Additional uses for these fighting tunnels 

included spying and enemy interception (Doyle et al., 2002).  In fact, the first rudimentary 

geophone was invented for these purposes and resembled a doctor’s stethoscope that 

troops placed against excavation walls in an attempt to hear vibrations, giving clues to 

enemy movement (Rosenbaum, 1989).  Deep lateral tunnels were also constructed to 

connect the major subway systems for the purpose of increased communications and 

ventilation.  Dimensions of these tunnels were approximately 1.3 m in height and 0.8 m in 

width, resulting in cramped spaces for those deployed in them (Rosenbaum, 1989).   

The resulting network of excavations at Vimy formed a major portion of the 

underground Allied complex extending for kilometres along the Western Front.  Upon the 

close of the war, some of these excavations located under private lands were filled in with 
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miscellaneous debris and aggregate; however, a vast number were left unattended and lie 

open under the current landscape.   

Historic records of the Allied Forces provide reasonable detail as to the locations 

of their excavation complex underlying the Canadian National Memorial Site.  One 

subway at Vimy, known as the Grange, has been reinforced and is open to the public from 

the months of May to September.  Unfortunately, less is known of the German 

excavations, as much of the archived information has been lost.   

Currently, historic operations are being carried out in some of the excavations that 

are inaccessible to the public.  The Durand Group, a volunteer organization composed 

mainly of British historians and ex-military officers, has opened many abandoned tunnel 

networks in an effort to deal with unexploded military ordinance from the war and gain 

an understanding of the scope of the subterranean network.  They have composed well 

documented maps of many of the excavations from a combination of military archives 

and their own surveys. 

 

1.2 RESEARCH PROGRAM 

 The following section introduces the problem of subsidence that is occurring at 

the Canadian National Memorial Site.  Failure within abandoned military excavations has 

previously been identified as the cause of ground subsidence and, therefore, the research 

objective of identifying the geologic controls on excavation failure is presented.  

Additional discussion is provided with respect to the methods applied to achieve the 

research goals.   
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1.2.1 Problem Statement 

A major issue facing the Vimy site is the occurrence of subsidence events 

throughout the park.  Subsidence is defined as the downward movement of the ground 

surface as a result of failure of material in the roof and walls down into void space in the 

subsurface.  Within the last decade, the frequency of subsidence documentation has 

increased both in the restricted areas of the park (Fig. 1.3A) and those areas of high 

tourist traffic (Fig. 1.3B).   Of particular concern to the site officials are the subsidence 

events occurring in the accessible areas such as car parks and walkways.  Sinkholes 

observed under a major parking lot prompted officials to add steel reinforcement to the 

tour bus parking lots.   

 
 
Figure 1.3 – Subsidence events observed on the Vimy site in A) areas restricted to public 
access and B) in high traffic areas such as the main pedestrian walk-way that leads to the 
Vimy memorial sculpture, closed at the time of the photograph for the Memorial 
restoration work.   

BA 
A
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The origin of the subsidence events described above is from failure within the 

network of military excavations that underlie the park.  In excavations of sufficient size, 

the failure propagates upwards until it reaches ground surface and results in depression of 

the overburden.  Documentation of these events has increased primarily in the last 

decade; indicating that failure in the military excavations is delayed. These excavations 

have been present in the subsurface for approximately 90 years, with little support.   

 

1.2.2 Objectives 

 The purpose of this research is to determine the geologic factors that influence 

instability in the WWI excavations, potentially leading to subsidence, and how these 

factors may vary both with depth and laterally across the site.  The approach taken was 

three-fold and included: 1) a stratigraphic study, 2) structural mapping with engineering 

geologic characterization, and finally 3) an examination of the alteration processes of 

weathering and exposure in the tunnels.  The stratigraphic study involved extensive field 

work and was necessary to understand the lithologic variations that occur within the 

rockmass that may influence excavation stability.  The structural exercise revealed the 

failure modes present in the Vimy excavations and the fracture characteristics that control 

them.  Finally, an investigation into the long-term alteration processes occurring within 

the tunnels was necessary to understand the delayed failure of the tunnels, despite being 

unsupported for several decades.   

 This research will contribute to a larger campaign of mitigating public risk at the 

Canadian National Memorial Site.  Understanding the influence of the surrounding 
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geology on tunnel stability is necessary for further site investigations and the 

development of infrastructure at the park.   

 

1.3 GEOGRAPHY 

 The Canadian National Memorial Site is located outside the village of Vimy, in 

the Artois Region of northern France.  The park encompasses approximately 117 hectares 

of gently undulating landscape, only a fraction of which is open for public access because 

unexploded military ordinance litters the forests on site.  It is located just east, in visible 

range, of the major motorway running from Calais to Paris.   

 Climate in the surrounding area is temperate and equitable to the south of England 

with cool winters, warm summers and precipitation throughout the year.   

 The Vimy site hosts hundreds of thousands of tourists annually, a vast number of 

whom are Canadians paying tribute to the historical significance of the park.  Visitors are 

educated at a tourist information kiosk, can walk the restored trenches of the front line, 

can pay tribute to the vast limestone monument designed by Walter Allward and may 

reflect on the two memorial cemeteries located on site.  Although the area is open year-

round, guided tours of the accessible Grange Subway are offered only from May to 

September by trained guides of Parks Canada.    

 

1.4 GEOLOGIC SETTING 

 Vimy Ridge lies in the Somme Basin of northern France, a region with relatively 

simple topography.  Geology of the basin consists primarily of gently folded Upper 

Cretaceous chalk disconformably overlain by Paleogene sediments roughly equivalent to 
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those of the London Basin, which includes clay with flints, loess, loam and river alluvium 

(Doyle and Bennett, 1997).   The chalk at Vimy Ridge encompasses the broadly classified 

Middle to Upper Chalk units and is lithologically equivalent to that of southern England.  

Fracturing is frequent and results in deep fissures, but no complex natural cave systems 

have developed in the subsurface (Doyle and Bennett, 1997).  A more detailed description 

of the chalk and its stratigraphy is provided in Chapter 2. 

 Structure in the Artois and Somme region is dominated by a northwest-southeast 

trending anticline, part of the regional Weald-Boulonnais anticlinorium that extends from 

northern France into southern England. The geology of the anticline is simple and 

consists of a series of shallow flexural features also trending to the northwest (King, 

1919).  Vimy Ridge is a fault scarp of the footwall to the Marqueffles fault, a normal fault 

also trending in the major structural orientation. The displacement has resulted in an 

elevation increase of up to 100 m at the highest point of Vimy Ridge through a 

combination of faulting and folding (Rosenbaum, 1989).  Figure 1.4 summarizes the 

geology of the Artois region of northern France in both map view and cross section.   

 Local geology played a major role as a control on the military mining throughout 

WWI.  In particular at Vimy, the fracture spacing of chalk influenced the dimensions of 

excavations in order to maintain stability.  The dominant fracture orientations are 

subvertical and subhorizontal resulting in significant roof slabbing during excavation.  

Therefore, tunnel width was kept to a minimum in order to provide frictional bridging in 

the roof strata (Rosenbaum, 1989).   Another major control on tunnelling was that of 

water.  Records have documented fluctuations in the water table at Vimy on the scale of 

10 m from the winter months to summer months, resulting in a potential for tunnel 
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flooding.  Therefore, tunnels were typically excavated at a gentle slope and sumps were 

constructed to store excess water prior to pumping (Rosenbaum, 1989).  Currently, the 

water table lies beneath all accessible excavations on-site but the exact depth is unknown.     

 

  

Figure 1.4 – A) Simplified geological map of the Artois – Somme region of northern 
France (Modified from Doyle, 1998) and B) a geologic section perpendicular to structure 
across the Vimy site (Modified from Edgeworth David, 1917).   
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1.5 PREVIOUS STUDIES ON SITE 

In 2002, Dillon Consulting Limited initiated a project to detect the location of 

subsurface excavations at the Vimy site and the potential hazard associated with their 

failure.  Their campaign involved three phases of work: 1) an investigation into the ideal 

geophysical method for void detection, 2) the application of said method at the Memorial 

site, and 3) the validation of the results by borehole drilling in conjunction with an overall 

geomechanical assessment. Phase I indicated that shear wave seismics and 

electromagnetic surveying were the ideal geophysical methods to identify subsurface 

voids within a depth up to 15 m.  In total, 326 anomalies were detected at the Vimy site 

during Phase II and were ranked from 1 to 5 on the basis of signal strength.  It is 

important to note that although the anomalies may be the result of subsurface voids, not 

all anomalies are voids and could be produced by trenches, filled craters and geologic 

variations (Dillon, 2004).  Sixteen boreholes were drilled in Phase III to validate the 

anomalies; however, none encountered open voids.  Five of these boreholes did encounter 

material conditions that indicated the presence of backfilled or collapsed voids; 

unfortunately, this could not be confirmed (Dillon, 2004).   

Geophysical surveying is particularly difficult at the Vimy site as the entire 

battlefield was heavily reworked during artillery bombardment from 1915 through to 

1917.  In addition to the ground being churned to a depth of several meters by the impact 

of ordinance, significant amounts of metal artillery remain on site and may skew the 

measurements.   
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Hutchinson et al. (2008) present the geomechanics assessment associated with the 

Dillon Consulting project.  Their study includes an overview of the geologic conditions at 

Vimy, an assessment of the geomechanical properties and finally a numerical simulation 

of the effects of dimensions, chalk condition and weathering effects on tunnel stability.  

Typically, geologic conditions and geomechanical properties improve with depth in the 

subsurface.  A combination of historic military shelling and frost shatter has resulted in an 

overburden layer, a few meters thick, composed of floating flint nodules and clasts of 

chalk in a matrix of silt, clay and chalk (Hutchinson et al., 2008).  Chalk competency 

improves with greater depth as fracture spacing and tightness increase.  Further 

discussion of the numerical simulations completed by Hutchinson et al. (2008) is 

presented in Chapter 5 with respect to the geological engineering characterisation 

completed in this research. 
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CHAPTER 2 - STRATIGRAPHY 
 
2.0 INTRODUCTION 

 Prior to the assessment of the stability and failure mechanisms within the 

excavations at the Canadian National Memorial Park, a necessary first-step involves the 

delineation of the stratigraphic location of the chalk in which the excavations lie.  

Significant variability exists in the chalk properties throughout the stratigraphic 

succession, which can have serious implications for underground workings.   

 The following chapter provides an overview of the geological properties of chalk, 

its deposition and stratigraphy.  Previous work on chalk properties and stratigraphic 

relationships throughout Western Europe has been completed by several authors and is 

reviewed here.  Particular reference is made to Tucker and Wright (1990) for their 

fundamental overview of carbonate properties, and to Mortimore et al. (2001) for their 

review of the Upper Cretaceous stratigraphy of Britain.  The stratigraphic position of the 

excavations examined, both above and below ground, is interpreted and defended after a 

brief description of the field methods applied to the mapping exercise.   

 

2.1 CHALK – A GLOBAL OVERVIEW 

Chalk is a pelagic carbonate formed of the skeletal remains of planktonic 

organisms.  There are four major elements in pelagic sediments: 1) carbonate skeletons, 

2) siliceous skeletons, 3) fine terrigenous sediments and 4) authigenic components.  Two 

major groups of pelagic carbonate sediments are classified as pelagic calcareous biogenic 

material (65-100% calcium carbonate) and transitional calcareous biogenic material (35 – 

65% calcium carbonate) (Tucker and Wright, 1990).  Original chalk sediment is classified 
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as the former; with up to 100 % pure carbonate material.  A primary constituent of chalk 

is the skeletal fragments of coccoliths (Fig. 2.1).   

The Coccolithophoridae are marine algae with spherical skeletal frames 

approximately 10 – 100 μm in diameter.  Each of these coccospheres is composed of 

overlapping plates, 2 – 20 μm across called coccoliths (Tucker and Wright, 1990).  

Coccoliths may then disaggregate into the individual radiating calcite crystals that 

comprise them, upon deposition.  These golden brown algae are observed in deep-sea 

sediments from the Late Triassic to present (Siesser and Winter, 1994).  Present day 

surface waters contain concentrations on the order of 50 000 – 500,000 coccospheres per 

litre that account for a large portion of the fine-grained material in deep-sea oozes.   

The small size of coccolithophores hinders deposition as they take significant time 

to settle and are highly prone to dissolution.  Most are deposited as aggregates formed 

from faecal pellets of larger marine organisms.  Today, coccolithophores dominate the 

carbonate fraction of Mediterranean waters but are out-numbered by planktonic 

foraminifera in the other world oceans (Tucker and Wright, 1990).  

 Figure 2.1:  Chalk cliffs of 
Southern England. (Seven 
Sisters Bluff) with inset of 
SEM micrograph of typical 
pure chalk sampled during 
field work.  Note coccolith 
plate in center-right of 
photo. 
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2.2 CHALK OF NORTHWEST EUROPE 

The cliffs of southern England and northern France, perhaps the most well-known 

chalk outcrops world-wide, represent a vast carbonate deposit.  The following section 

describes, in detail, the depositional history, diagenesis and subsequent properties of the 

chalk deposits, specific to northwest Europe. 

 

2.2.1 Deposition 

During the Late Cretaceous epoch, the time at which the chalk was deposited, sea 

levels over the northwest European craton were more than 50 m higher than present-day 

levels (Tucker and Wright, 1990).  Figure 2.2 illustrates the global paleogeography and 

sea level of the Late Cretaceous.  To deposit large quantities of chalk, terrestrial input 

must be minimal and the depositional site must be located above the carbonate 

compensation depth (CCD). These environmental conditions were found in the European 

seas of the Upper Cretaceous and Paleocene (Fabricius, 2003).  Chalks of continental 

Europe were deposited in a shelf-sea environment, whereas those of the North Sea are 

considered to be deeper water deposits (Tucker and Wright, 1990).  Continental chalks 

will be described herein as they are found at the Vimy study site.  Water depths during 

deposition of the shelf-sea chalks are estimated between 100 m to a few hundreds of 

metres (Tucker and Wright, 1990). 

 Thicknesses of chalk in terrestrial outcrop reach 200 m whereas thicknesses in the 

Central Graben of the North Sea surpass 1200 m.  Primary constituents of the chalk are 

coccoliths, in addition to some planktonic foraminifera and calcispheres.  Numerous 

macrofossils are present in the chalk and include ammonites, belemnites and crinoids in 
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deeper deposits, while echinoids, bivalves, sponges, brachiopods and bryozoans, habitants 

of the benthic zone, are present in the shallower shelf-sea deposits (Tucker and Wright, 

1990).  Trace fossils are regularly present and include dwelling burrows, known as 

Thalassinoides, in addition to the feeding burrows of Chondrites, Zoophycos and 

Planolites.  Diagenetic flint nodules are common in the chalk and are typically formed by 

replacement of the trace systems described above.  Specific horizons do not contain the 

100% CaCO3 that is typical of much European chalk, and are more clay-rich.  These marl 

horizons are particularly present within the Lower Chalk and parts of the Middle Chalk 

and may be laterally extensive (Tucker and Wright, 1990).    Further discussion of marl is 

provided in Section 2.3.2. 

 

Figure 2.2 – Late Cretaceous 
global paleogeography.  Modified 
from Mortimore et al. (2001). 

Lithostratigraphy of the chalk is highly variable as a result of differing 

depositional and diagenetic processes.  Chalks deposited in the shelf-sea environment are 

typically well bedded with a stratigraphy that is defined by colour variations, nodular flint 

bands, alternating marl beds and variably bioturbated horizons.  Rhythmicity in these 
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bedding features is observed at a decimetre to metre scale, which may be a reflection of 

Milankovitch-frequency climatic cyclicity (Tucker and Wright, 1990). 

 Hardgrounds, omission surfaces and nodular horizons are particularly prominent 

features of the chalk lithostratigraphy.  Bioturbation of hardground surfaces is typical and 

produces the nodular appearance.  Additional discussion of these features and their origin 

is provided in Section 2.3.3. Bioturbating organisms include burrowing bivalves, worms, 

crustaceans and echinoderms, as well as boring organisms, which become more prevalent 

as the surface becomes cemented and harder.  Formation of these surfaces is attributed to 

a reduction in sedimentation, possibly as a result of sea level decrease and an increase in 

current strength (Tucker and Wright, 1990).  These horizons are largely continuous in the 

English and northern French chalk and indicate that sedimentation conditions were 

regionally consistent (Tucker and Wright, 1990).   

 

2.2.2 Diagenesis 

 Chalk diagenesis is highly variable throughout the European craton.  The majority 

of the chalk of northwest Europe is weakly lithified with high porosities, ranging between 

35 – 45%.  Certain horizons though, such as hardgrounds and nodular chalks, are well 

cemented and exhibit low porosities.  This feature is likely the result of the syn-

depositional cementation processes that were described above.   

 Well lithified, low porosity chalks are attributed to slow sedimentation rates, 

increased bioturbation activity and enhanced bottom currents.  In contrast, poorly 

lithified, high porosity chalks are related to increased pelagic sedimentation inhibiting 

early cementation.  The presence of terrestrial clay hinders cementation and can augment 
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later compaction during diagenesis.   Clay minerals coat the original coccolith fragments, 

preventing the early cementation from occurring at grain boundaries that would otherwise 

provide a rigid framework to retain high porosities (Tucker and Wright, 1990). 

 Chalk is well known for its typically poorly cemented, soft nature.  Two factors 

influence these properties and include: 1) mineralogy and 2) pore-fluid composition.  

Chalk mineralogy at the time of deposition is low-magnesium calcite, the most stable 

form of the mineral.  Therefore, dissolution is inhibited and little CaCO3 is present to 

supply cementation processes (Tucker and Wright, 1990).  Minor cementation generally 

occurs syn-depositionally, at grain to grain contacts, which results in high retained 

porosity since the material is able to withstand large vertical stresses (Bell et al., 1999).  

Pore fluids during chalk deposition and diagenesis are of magnesium-rich marine origin, 

which also inhibits calcite precipitation.  Additionally, not all chalks have experienced the 

deep burial necessary to provide CaCO3 for cementation via pressure dissolution (Tucker 

and Wright, 1990).   

   

2.3 STRATIGRAPHY 

Stratigraphic classification and subsequent correlation of the chalk beds is based 

in part on lithological variations throughout the succession.  Different lithologies include 

clay-rich marl layers, bioturbated nodular chalk, hardgrounds, and flint bands.  

Recognition of these individual beds and their inter-relationships, in combination with 

biostratigraphy, provides a framework for chalk stratigraphy.   
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2.3.1 Nomenclature 

The chalk succession of Western Europe spans the Upper Cretaceous from the 

Cenomanian to the Campanian.  Detailed stratigraphy has been developed by the British 

Geological Survey and associated geoscientists for three geographic regions of the British 

Isles; the Northern, Transitional and Southern Provinces (Mortimore et al., 2001).  

Specifically, the Southern Province is of interest for this project as it is most closely 

correlative to northern France and therefore this region is discussed here.  The 

stratigraphic framework, described in the following section, is employed by French 

geologists (Robaszynski et al., 2005) and is considered the accepted nomenclature of the 

Upper Cretaceous Chalk for mapping on both British and French soil.   

Originally, the Chalk was subdivided into three major stratigraphic zones: Lower, 

Middle and Upper Chalk, based on broad lithostratigraphic mapping.  Biostratigraphy 

controlled the subsequent subdivision of these zones, using variations in macrofossil 

assemblage zonation.  However, with time, an improved stratigraphy for the Southern 

Province was established by the British Geological Survey and associated geoscientists, 

based on lithostratigraphic, geomorphological and field mapping relationships.  

Ultimately, the Upper Cretaceous Chalk was subdivided into the Grey and White Chalk 

Subgroups respectively.  In the Southern Province, the Grey Chalk Subgroup 

encompasses, from oldest to youngest, the West Melbury Marly Chalk and the Zig Zag 

Chalk Formations.  The overlying White Chalk Subgroup is composed of seven 

formations from the Hollywell Nodular Chalk to the youngest Portsdown Chalk 

(Mortimore et al., 2001).  Figure 2.3 illustrates the currently established and accepted 

stratigraphy for the Upper Cretaceous of the Southern Province.   
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Figure 2.3 – Upper Cretaceous Chalk stratigraphy with traditional nomenclature to 
the left and recently established formations to the right (Mortimore et al., 2001). 
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2.3.2 Chalk marl  

Chalk marl is a result of compositional changes within the chalk throughout the 

stratigraphy.  Within some beds, clay impurities can account for up to 20% of the material 

as opposed to the characteristically pure CaCO3 chalks.  This mixture of clay and chalk is 

termed marl and can occur both in thick beds and distinct, thin seams, although seams 

tend to be significantly more concentrated with clay (Mortimore et al., 2001).   

Marl layers are associated with increasing terrigenous input.  Some seams are of 

purely detrital origin, whereas others are the result of widespread volcanic ash falls.   The 

latter are identified with trace element analysis and can be used in stratigraphic 

correlation, based on their trace element ‘fingerprints’, creating a tephro-event 

stratigraphy (Mortimore et al., 2001).    

 

2.3.3 Nodular chalk and hardgrounds 

Nodular chalk (Fig. 2.4A), and hardgrounds, result from syndepositional 

cementation and subsequent hardening of seafloor sediments during periods of low 

sedimentation (Tucker and Wright, 1990).  Specific formations commonly exhibit these 

horizons, making them useful tools for broad regional correlation.  Caution must be 

exercised when using these formations for correlation because large scale variations, such 

as coalescence of hardgrounds, may result, depending on the local depositional 

environment.  Both nodular chalk and hardground horizons represent a spectrum of 

diagenesis that ranges from early developed nodules to fully cemented hardgrounds 

(Mortimore, 2001).  Hardgrounds typically form during periods of low sedimentation.  

Calcium carbonate is dissolved, likely due to microbial degradation in the sea floor 
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environment, and is reprecipitated in the sediment pore space, which creates a firm 

substrate.  Bioturbation of this firmground by burrowers such as the Thalassinoides, 

augments pore fluid transport and enhances cementation in the development of a true 

hardground (Fig. 2.4B).    

 
 
 
 
 

 

 

 

 

BA 

Figure 2. 4 – A) Nodular chalk of the Lewes Nodular Chalk Formation, southern 
England.  B) Hardground in outcrop along southern English coast. 
 
2.3.4 Flint Bands 

Within the chalk succession, the most apparent diagenetic features are the 

recurring bands of flint.  Flint occurs as nodules (Figure 2.5A) or tabular bands (Figure 

2.5B) of hard, very brittle, siliceous material.  Rather than infilling zones within the 

chalk, flint actually replaces the carbonate material, as evidenced by the presence of chalk 

cores within many flint nodules and sheets.  Specifically, the silica will preferentially 

replace fossil traces, creating near perfectly preserved three dimensional models of 

burrow networks (Bromley, 1967).  Many flint formations preserve the original textures 

of the burrowing organisms; indicating a very early diagenetic formation.   Trace fossil 

preservation through silica replacement includes Paramoudra (Fig. 2.5C), Zoophycos, 

and Thalassinoides (Mortimore et al., 2001).  Tubular flints are often described as 

markers and are the result of the silica replacement of cylindrical burrowing structures 
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(Figure 2.5D).  A chalk core is often preserved within the replaced nodules, providing a 

distinct tube-like appearance.   

Sheet flints (Fig. 2.5E) are separate, structural diagenetic features that occur along 

shear planes and tension cracks, and are secondary in formation relative to trace fossil 

flints as they form post-compaction.  The major stress orientation of NW Europe was 

horizontal at deposition, resulting in angled shear planes.  These planes facilitated fluid 

flow and subsequent silica precipitation. The age relationship of the flint occurrences can 

be observed in field investigations where sheet flints bisect nodular flint bands.   

E 

DC 

BA 

Figure 2.5 – A) Nodular flint 
bands, B) Tabular flint band 
(Seven Sisters), C) Paramoudra
flint replacement, D) Tubular flint 
nodules, E) Sheet flint formed by 
silica replacement along fracture 
planes. Southern English coast. 
July 2006. 
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2.3.5 Biostratigraphy 

Biostratigraphic markers are an important correlation tool within the chalk.  Those 

used during the field investigations for the Vimy project included inoceramid bivalves, 

echinoderms and trace fossils.  Other fossils used in large scale stratigraphic correlations 

are ammonites and belemnites.   

Inoceramids are low magnesium calcite bivalves of Permian to Cretaceous age.  

They are distinctive in the Cretaceous for their large size and generally thick, prismatic 

shells, as illustrated in Figure 2.6A.  The occurrence of inoceramid bivalves is persistent 

throughout the chalk stratigraphy in a variety of easily identifiable forms with limited age 

ranges, making them important index fossils.  In particular, the presence of species 

Volviceramus and Platyceramus together, in the mid-upper Coniacian, is a key horizon 

indicating a level approximately 7 m below the Seven Sisters marker flint band of the 

Seaford Chalk Formation (Mortimore, 1997).  More detailed discussion of the 

stratigraphy of the mapping units will be provided in following sections.  

Two families of echinoderms most well known in the chalk stratigraphy are 

Micraster, characterized by a distinct heart shape (Figure 2.6B), and Echinocorys, a more 

rounded form.  The morphology of Micraster varies distinctly throughout the 

stratigraphic column and can be used as a reliable stratigraphic locator. In addition to this 

structural variation, sea urchin spines have been used as indices.  Mortimore et al. (2001) 

observed club shaped spines within the Lower Coniacian Hope Gap Beds that lie within 

the Lewes Nodular Chalk Formation, and long spines at the Lewes-Seaford Formation 

boundary.    
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Figure 2.6 – A) Fragments of Inoceramid bivalve Platyceramus in outcrop.  B) 
Echinoderm Micraster leski found in the Grange Sapper Tunnel. 
 

The most common trace fossil throughout the chalk formation is that of 

Thalassinoides, a branching network of feeding and dwelling burrows, most likely 

formed by small arthropods.  Unfortunately, due to their extensive presence they are not 

effective correlation tools.   More distinct traces such as Zoophycos and Bathicnus 

paramoudrae occur at select intervals throughout the chalk (Mortimore, 2001).  Where 

they appear in combination with other fossils, flint or hardgrounds may be stratigraphic 

indicators. Particular horizons observed during the Vimy investigations are denoted by 

these traces and include the Beachy Head and Cuilfail Zoophycos Beds of the Lewes 

Nodular Chalk Formation.   

 

2.3.6 Relevant Stratigraphic Interval 

The Vimy Ridge tunnels were excavated in the area of northern France, where the 

formations have been broadly classified as Senonian (the now outdated term used for the 

Cretaceous periods Coniacian to Maastrichtian) with Upper Turonian chalk outcropping 
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at the base of the ridge (Doyle, 1998).  According to the current chalk stratigraphy, this 

would be represented by the Upper Chalk and more specifically the Lewes Nodular Chalk 

Formation and the Seaford Chalk Formation (Fig. 2.3).  A brief description of each 

mapping unit, summarized from Mortimore et al. (2001) follows. 

 

2.3.6.1 Lewes Nodular Chalk 

The base of the Lewes Nodular Chalk occurs at the Glynde Marls, the boundary 

between the underlying New Pit Chalk Formation of the Middle Chalk.  It is marked by 

the first consistent occurrence of nodular chalk beds.  The thickness of this unit within the 

Southern Province varies from 20-80 m.  A major marker bed within this formation is the 

Lewes Marl, a volcanogenic marl seam that partitions the formation into upper and lower 

divisions and is a major basin-wide correlation bed.  The Lewes Tubular Flints are 

commonly located just beneath this marker bed, thereby adding to its distinctive 

character.  Other volcanogenic marl seams located within the lower Lewes Nodular Chalk 

Formation include, from oldest to youngest, the Southerham, Caburn and Bridgewick 

marls (Mortimore et al., 2001).   

The upper Lewes Chalk is similar in nature to that of the lower, in most parts, 

consisting of rhythmically bedded nodular beds and hardgrounds.  The most conspicuous 

of these hardgrounds is the prominent Navigation Hardground; a major marker bed, near 

the base of the upper Lewes Chalk.  Just below this layer lie the Cuilfail Zoophycos 

Flints, another laterally extensive horizon.  Near the top of the formation are the Beachy 

Head Zoophycos Beds, which are overlain by the Shoreham Marls; two distinct marl 
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seams which enclose a unit of Shoreham Tubular Flints, making this interval a visually 

conspicuous section (Mortimore et al., 2001).   

Lateral variation in the character of the upper Lewes Chalk is common and occurs 

within the Somme Basin, which encompasses the Vimy Park.  In the Somme Basin, the 

Upper Lewes chalk becomes more pure in CaCO3 and less bioturbated.  As a result, the 

mechanical properties and fracture characteristics may not be perfectly correlative to the 

upper Lewes Chalk of southern England (Mortimore, R.N., pers. comm. 2006).  Particular 

care must be taken in identifying this unit in the Somme Basin, as it may exhibit a 

character similar to the younger Seaford Chalk Formation, described below.   

 

2.3.6.2 Seaford Chalk 

The transition from Lewes Nodular Chalk to the younger Seaford Chalk 

Formation is represented by an abrupt shift from nodular, coarse chalk to pure white 

homogenous material.  The actual boundary is marked by the second Shoreham Marl 

seam, the youngest of the volcanogenic Lewes Formation marls.  A high density of flint 

seams is found throughout the Seaford Chalk, the most conspicuous of which is a major 

basin-wide lithological marker bed, the Seven Sisters tabular flint band located near the 

base.  Tabular flint bands are distinct flint bands in which the nodules have coalesced into 

a thick planar body.  They represent periods of high silica availability in the seabed. This 

horizon proved most easily identifiable in field mapping and very useful for correlation 

throughout the project.  The occurrence of bivalve fossils Volviceramus and Platyceramus 

is an important indicator of proximity just several meters below the flint band (Mortimore 

et al., 2001).   
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2.4 INFLUENCE OF STRATIGRAPHY ON ROCKMASS PROPERTIES 

 The application of stratigraphic relationships to earthworks design has been 

thoroughly outlined by Mortimore (2001) and is summarized below.  Features of concern 

in ground engineering include fracture networks and karst structures, each of which is 

influenced by stratigraphic variations throughout the chalk succession. 

 In sedimentary strata, fractures typically form patterns associated with the stress 

regimes that were imposed at the time of diagenesis.  Fracture networks are therefore 

often related to major structural features of the surrounding region (Cawsey, 1977).  

However, rockmass character also influences fracture properties and must be considered 

in engineering design.    

Fracture characteristics such as type, orientation, frequency and infilling are 

influenced by the stratigraphic intervals in which they propagate.  For example, the 

youngest Newhaven Formation typically hosts sheet flints, formed by silica replacement 

along fracture planes.  Features such as conjugate fracture sets and slickensided fracture 

walls are characteristic of chalk formations containing marl seams and high overall clay 

content (i.e.,  Lewes Nodular Chalk Formation), whereas sub-vertical and sub-horizontal 

fracture networks are typical of the pure, white chalk of the Seaford Chalk Formation 

(Mortimore, 2001).  Figure 2.7 illustrates the fracture patterns of both the Lewes and 

Seaford Chalk Formations.  Some local variations in these general rules do occur, 

specifically within the Lewes Nodular Chalk Formation.  Lateral changes in 

sedimentation such as local channel fills and hardgrounds, in addition to weathering and 

tectonic controls, are considered responsible for the fracture pattern variations.   
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Figure 2.7: A) Conjugate fractures of the Lewes Nodular Chalk Formation.  B) 
Orthogonal fracture of the Seaford Chalk Formation. Southern England. June 2006.  

 

 Karst, or macroscopic dissolution, occurs in two general forms: 1) surface, and 2) 

subsurface karst.  Surface karst is that which forms at the atmospheric or soil contact of 

shallow limestone.  Subsurface karst occurs at deeper lithological discontinuities within 

the limestone such as along bedding planes, hardgrounds and flint seams (Tucker and 

Wright, 1990).   

Karsting in the chalks of NW Europe is largely associated with the sub-Paleogene 

or sub-Quaternary interface of the chalk and overlying deposits, resulting in peculiar 

vertical pipe structures.  An additional karst complex at depth is present and is largely 

controlled by bedding discontinuities or permeability barriers in the chalk.  This deeper 

style of dissolution has significant repercussions on ground engineering and groundwater 

transport, as it is highly unpredictable.  Impediments to groundwater movement such as 

hardgrounds, semi-tabular flint bands, sheet flints and marl seams all serve as aquitards 

along which fluid flow is concentrated.  Dissolution is accelerated at these horizons, for 

example, as seen at the Seven Sisters tabular flint of the Newhaven Chalk Formation 

outcrops west of Dieppe, in France.  An underground water conduit, believed to be 
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supplied by dissolution pipes high in the cliffs, has formed along the flint horizon and 

created a series of small karstic caves observable from the beach.   

 

Seven Sisters 
tabular flint 
band 

Figure 2.8 – Small karstic cave system formed along the Seven Sisters tabular flint band 
at the Dieppe coast, France.  July 2006. 

 
 Intact rock properties vary throughout the stratigraphy and affect the overall 

stability of the material.  Pure carbonates are typically soft, highly porous and of lower 

strength than the well-cemented hardgrounds, which have increased strength and 

hardness.  The Seaford Chalk Formation, with its characteristically pure, white and 

vertically fractured rockmass, generally produces small block sizes in comparison with 

the underlying Lewes Nodular Chalk formation.  The latter formation is typically more 

massive, with large blocks produced upon excavation or failure (Mortimore, 2001), which 

can have significant implications for the failures at the Vimy study site.   

 Stratigraphy forms the backbone of site investigations for earthworks and 

engineering investigations in chalk.  Fracture patterns and distribution, karst features and 

material properties, are all controlled, in part, by the sedimentary environment in which 
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they are deposited, which broadly correlates with stratigraphy.  Prior to studies on 

stability within chalk excavations, an understanding of the stratigraphic interval in 

question is recommended.   

 

2.5 FIELD INVESTIGATIONS  

Field investigations for the project encompassed three weeks spent in several 

regions, including the southern England coast, northern French coast, quarries of northern 

France, and the Canadian National Memorial Park at Vimy.  An introduction to the Upper 

Cretaceous chalk stratigraphy was necessary, and was completed in cooperation with Dr. 

R. Mortimore of the University of Brighton, School of the Environment, during the first 

week.  The chalk stratigraphy described in the preceding sections of this chapter, recorded 

by the British Geological Survey, has been developed by a team in which Dr. Mortimore 

played an important role.  Therefore, it was ideal to begin investigations in the Brighton 

area.  With the skills and knowledge acquired during the field work in England and from 

previous field studies, it was then possible to map the stratigraphy on the northern French 

coast in the Dieppe area, which was expected to be most equivalent to the stratigraphic 

interval underlying Vimy.  Field work moved towards the Vimy study area, as two chalk 

quarry outcrops were investigated inland from the coast.  Finally, field studies at the 

Vimy site were completed in the final week based on the knowledge acquired at all 

previous field locations.  Access to the Vimy site was possible for a one week period 

only, increasing the importance of development of understanding of the chalk stratigraphy 

and engineering behaviour during the previous work on the coast and in the quarries.  The 

progression of field work is illustrated in the following Figure 2.9.   
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Figure 2.9 – Map view of the progression of field work completed in June – July 2007. 
 

2.6 SOUTHERN ENGLISH FIELD SITES 

 The cliff exposures in the Brighton area were examined to acquire an 

understanding of the stratigraphic relationships and major marker horizons of the chalk, 

in order to correlate across the Channel to the cliff exposures of northern France.  

Localities visited are outlined in Figure 2.10.  Formations from the youngest Newhaven 

to the older Seaford and Lewes Nodular Chalk Formations of the Upper Cretaceous Chalk 

were reviewed.   

 In addition to coastal outcrops, a major quarry currently operated by Shoreham 

Cement Works, outside of Brighton, was visited and offered full exposure of the chalk 

succession of the Lewes Nodular Chalk and Seaford Chalk Formations.  The quarry site 

visit concluded the introduction to the relevant chalk stratigraphy offered by Dr. 

Mortimore of Brighton University.   
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Figure 2.10 – Location map of English coastal field sites visited during the introductory 
phase of field work. 
 
 
2.7 FRENCH COASTAL FIELD SITES 

 Field studies on the northern French coast were concentrated in the Dieppe area 

and northeast as far as the village of Ault, as illustrated in Figure 2.11.  Stratigraphic 

intervals exposed along this coast were examined to establish the marker elements and 

lithologic features equivalent to the Lewes Nodular and Seaford Chalk Formations.   

 General stratigraphic features are comparable to those examined on the southern 

English coast.  Thicknesses of flint bands, hardgrounds and marl seams are variable; 

however, their relative stratigraphic positions are constant and were correctly identified in 

the French coastal outcrop.  Three full days were spent mapping the stratigraphy of these 

sites and noting any variations from the equivalent beds of the English coast.  A guide to 
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the field sites along the Dieppe coast, by Mortimore and Pomerol (1987), was used 

extensively for reference throughout the field work.   

 

 

Figure 2.11 – Location map of French coastal field sites visited during the second week 
of field investigations. 
 
 
2.8 FRENCH QUARRY FIELD SITE 

 As a result of the gently undulating, agricultural landscape throughout the Artois 

region of northern France, inland chalk outcrops are sparse, and road cuts are virtually 

non-existent.  Therefore, quarries are the only locations for inland stratigraphic studies 

and correlation.  Two quarries were visited in the area outside the Canadian National 

Memorial Park.  The first is located in the small town of Beaucourt and the second is 

found outside the village of Miraumont; both localities are within a distance of 30 km 

from the Canadian National Memorial Park at Vimy.  Of the two quarry locations, the 

Beaucourt Quarry proved most useful for correlation as a major marker horizon was 
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observed.  In contrast, significant reclamation of the former quarry has covered much of 

the outcrop at the Miraumont location. 

 A search for other quarries based on 1968 geologic maps of the Bureau de 

Recherches Géologiques et Minières (Department of Geologic and Mining Research) 

provided no additional sites.  A campaign to remediate and re-vegetate abandoned 

quarries has unfortunately obscured many of the chalk exposures.          

 

2.8.1 Observations – Beaucourt Quarry 

Beaucourt Quarry is a two-tier abandoned quarry consisting of upper and lower 

exposed faces.  The upper face is approximately 5 m high with prominent nodular flint 

bands.  Chalk grades from white at the top to nodular at the base and the material texture 

is coarse to the touch.  Joint patterns observed are primarily orthogonal with closely 

spaced sub-vertical and sub-horizontal fractures.  The lower face contains two marl seams 

approximately 2 m apart, the lower of which is significantly more prominent.  Beneath 

the marl, a horizon of tubular flint nodules is present, roughly 1-1.5 m above the base of 

the quarry.  Fossils observed here include the inoceramid bivalve Platyceramus and an 

echinoderm spine with a definate club shape.  A stratigraphic column representing this 

outcrop is illustrated in Figure 2.12.   

 The lithologic horizons of the lower quarry face proved most effective as 

correlation tools.  The relationship of a prominent marl seam underlain by a horizon of 

tubular flints is characteristic of the Lewes Marl located in the mid Lewes Nodular Chalk 

Formation, as well as the Shoreham Marl at the boundary of the Lewes Nodular Chalk 

and Seaford Chalk Formations.  The club-shaped echinoderm spine observed allows 

differentiation between the Lewes and Shoreham Marl.  This echinoderm morphology is 
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representative of the Lower Lewes Formation (Mortimore et al., 2001), whereas younger 

echinoderm spines of the Upper Lewes and Seaford Formations develop a needle-like 

shape.  In combination with the coarse, nodular texture of the material both above and 

below these horizons, characteristic of the Lewes Nodular Chalk Formation, the marl is 

interpreted as the Lewes Marl. 

 

 

 

 

 

 

 

 

 

Figure 2.12 – Stratigraphic column mapped at the lower face of the Beaucourt Quarry 
field site, with photograph.  The outcrop is interpreted as the Lewes Nodular Chalk 
Formation. July 2006. 
 

2.9 VIMY RIDGE FIELD SITE 

 The final stage of investigations comprised one week of field work on site at the 

Canadian National Memorial Park, Vimy.  Access to the WWI excavations was facilitated 

by the Durand Group under the supervision of Lt. Col. Phillip Robinson.  Reconnaissance 

of the accessible tunnel network was necessary in order to plan adequate time in the most 

geologically relevant excavations.  Ultimately, three systems were studied: 1) the Sapper 

system extending off the publicly accessible Grange Subway, 2) the Goodman Subway 
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and 3) the O-Sector tunnel system.  A location map of the Canadian National Memorial 

Park is provided in Figure 2.13, with specific tunnel sites shown.  Two tunnel networks of 

the three visited, the Grange Sapper and O-Sector tunnels, were mapped for stratigraphy.  

Both tunnel systems provided declines through which a significant amount of stratigraphy 

was viewed.  The third tunnel system visited, Goodman Subway, was a continuous lateral 

tunnel in which the overburden and overlying chalk could not be adequately mapped.   

Field work underground consisted of stratigraphic mapping and the production of 

stratigraphic columns, fracture mapping and material sampling.  Comprehensive photos 

of each visited site were compiled, and sorted into a location-specific database, to be 

archived on a DVD as an electronic appendix.   

Figure 2.13 – Air photo of the Canadian 
National Memorial Site, Vimy, France with 
a simplified schematic of the tunnels 
accessed during field work.  North is 
aligned with the top of the photo.  Note 
Vimy Memorial in the northeastern corner. 

 

Grange Subway and Sapper system

Goodman Subway 

O-Sector offensive tunnel system 
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2.9.1 Grange Subway Observations 

The Grange Subway is a tunnel that was used for transportation of infantry, 

machinery and supplies throughout the battles of WWI, with dimensions of 

approximately 2 m x 1 m, and at a depth of roughly 8 m below surface.  Currently, a large 

section of this passageway is open for public tours, led by Parks Canada guides, in 

cooperation with Veterans Affairs Canada.  Branching from this subway tunnel, however, 

is a vast network of sapper tunnels, approximately 1 m x 1 m in cross-section, which were 

used primarily as connections between the larger subways, and for monitoring enemy 

activities underground.  These tunnels have been excavated to depths of 20 m where they 

were used to support military mining activities.  The sapper tunnel networks provide 

access to good exposure of the stratigraphic succession.  Figure 2.14 illustrates the 

stratigraphic observations described below.   

As a result of exposure to lights and moisture in the public section of the Grange 

Subway, most of the walls are covered in green moss and the chalk is not clearly visible.  

However, at the last publicly accessible point of the subway, near the entrance to the 

sapper system, Zoophycos flints were observed within the base of the chalk walls.  

Beyond the gate which controls access to the saps, full stratigraphic mapping 

commenced, at a depth below ground surface of approximately 9 m.  At this point, 

fragments of the inoceramid bivalve Cremnoceramus were observed.   
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Figure 2.14 – Stratigraphic 
column mapped in Grange Sapper 
Tunnel and interpreted as the 
Lewes Chalk Formation. 

Stratigraphy covered by concrete 

Index 
fossil 

 

Along the sapper tunnel decline, an intersection was encountered with a rail 

decline straight ahead and a stepped decline 90 degrees to the right.  Within the right 

decline, an echinoid specimen of Micraster decipiens was observed.  Approximately 3-4 

m below the T-junction, in the right decline, a massive phosphatized hardground was 

observed upon which a thin marl seam was located.  Karst dissolution along this horizon 

is frequent, as the marl acts as an aquitard along which fluid flow is confined.  Chalk 
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material above the hardground is generally soft, white and fine with an orthogonal 

subvertical and subhorizontal fracture pattern.  However, material below this hardground 

becomes significantly harder and coarser to the touch.  Hard cementation of the chalk 

walls occurs for approximately 5 m below the hardground.  The precipitation process is a 

result of water seepage into the tunnel that has been diverted from the surface 

infrastructure of the site.  Drainage from the overlying Grange Subway is known to occur 

into this area.  Finally, a marl seam is the last feature encountered at the base of the 

decline and maximum depth of exploration, approximately 12 m beneath the Grange 

Subway and 20 m below ground surface.  Material underlying this seam was significantly 

more marl-rich and exhibited more bioturbation than that above.    

  The chalk surrounding the Grange sapper tunnel system is interpreted as the 

Lewes Nodular Chalk Formation.  The echinoid Micraster decipiens collected at the 

sapper junction is an index fossil representing the chalk beds above the Navigation 

Hardground, a marker horizon located mid-formation.  Below this horizon, the 

morphology of Micraster shifts to a squarer body, in contrast to the rounder body found 

above.  Also associated with the Navigation Hardground are the Navigation Marls.  

However, within the Somme Basin of France in which the Vimy tunnels lie, it is common 

for marker marls and hardgrounds to reduce to one horizon due to a condensation of beds 

due to a lack of sedimentation.  Therefore, the marl seam directly overlying the 

hardground in the Grange sapper tunnel is considered to represent the Navigation Marl.  

With this tie point, the Zoophycos flints noted in the Grange Subway roughly 7 m above 

the hardground are interpreted as the Beachy Head Zoophycos beds of the upper Lewes 

Nodular Chalk Formation.  The marl seam observed approximately 13 m below the 
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Goodman Subway (21 m below ground surface) within the sapper tunnel may represent 

the Lewes Marl, known to underlie the Navigation Hardground; however, there is no 

strong evidence to confirm this supposition.   

 
 

 2.9.2 O-Sector Tunnel Observations 
 

The O-Sector tunnel network is an approximately north-south oriented tunnel used 

for front line defense and communication between the subway systems.  The tunnel is 

small in cross-section, equivalent to that of the small sapper excavations, with 1 m x 1 m 

dimensions.  The current entrance to the O-Sector, now named the Hobbit Hole by the 

Durand Group, is located at a previous winch chamber.  The decline into the tunnel is 

steep and offers an approximate 20 m section of visible stratigraphy.  Roughly 250 m 

from the entrance decline, another incline from the main horizontal tunnel provided a 

second vertical section and confirmation of the stratigraphy.  Figure 2.15 offers an 

illustration of the stratigraphy mapped in both inclines.   

A significant observation within the entrance winch chamber to the O-Sector is 

the presence of two index fossils.  Inoceramid bivalves Platyceramus and Volviceramus 

were collected together within the winch chamber.  This assemblage is indicative of 

particular intervals within the chalk succession – one being directly beneath the major 

Seven Sisters tabular flint band of the Seaford Chalk formation.  Underlying the location 

of these fossils are frequent horizons of nodular flint bands and sponge layers, 

characteristic of the base of the Seaford Chalk Formation.  At approximately 12 m depth 

in the decline, a prominent marl seam overlying a horizon of tubular flints was observed.  

This marker marl is interpreted as the Shoreham Marl, denoting the boundary between the 

younger Seaford Chalk Formation and the underlying Lewes Nodular Chalk Formation.  
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Tubular flints are characteristic of the beds directly beneath this boundary.  Finally, a 

fragment of the inoceramid bivalve Cremnoceramus was observed at the base of the 

decline, and provided further evidence for a location in the upper Lewes Nodular Chalk 

Formation.    

It is interpreted that the O-Sector excavation lies within strata that are younger 

than those in the Grange sapper tunnels.  The base of the younger Seaford Chalk 

Formation of mid-Coniacian age is observed in the O-Sector, whereas the entire Grange 

Sapper system represented stratigraphy of the mid to upper Lewes Nodular Chalk 

Formation of late Turonian and early Coniacian age.  This stratigraphic offset is not 

significant in a consideration of the regional structure.  Vimy Ridge owes its increased 

elevation to the northwest-southeast trending Marqueffles fault, a normal dip-slip 

structure.  All excavations investigated are located in the gently northeast-southwest 

dipping chalk of the up-thrown fault block (Fig. 1.4).   

 Another consideration for the stratigraphic offset between the two excavations is 

the presence of a secondary fault between the Grange and O-Sector systems.  The offset 

of the fault would, in theory, lower the elevation of the rockmass to the southeast (O-

Sector system) and relatively raise the rockmass to the northwest (Grange system) by 

several meters to reconcile the stratigraphic levels.  Further investigation, however, is 

necessary to confirm or disprove this theory.   
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Index  
fossil 

Figure 2.15 – Stratigraphic 
column mapped within the 
O-Sector decline tunnel and 
interpreted as the top of the 
Lewes Nodular Chalk 
Formation and the Seaford 
Chalk Formation. 
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2.10 CHAPTER SUMMARY 

 Chalk is a unique engineering material.   Commonly it is very pure CaCO3, 

fine grained, porous, and soft.  These properties vary, however, with depositional 

environment and diagenetic processes, and provide a diverse stratigraphy.  Unique 

horizons in chalk include nodular chalk, hardgrounds, marl seams and flint bands 

resulting in significant heterogeneity.  Understanding the varying nature of chalk 

throughout the stratigraphy is necessary prior to stability analyses.   

 A step-wise field method was employed.  Following an introduction to the 

well-known stratigraphy of the English and French coastal exposures, mapping 

commenced at inland French quarry outcrops and concluded at the Vimy site.  As a result, 

the stratigraphic interval of the study area was defined.  The tunnels are excavated in the 

mid to upper Lewes Nodular Chalk Formation and the base of the Seaford Chalk 

Formation, stratigraphy that encompasses the upper Turonian to lower Coniacian.  Figure 

14 summarizes the stratigraphic findings in the tunnels with respect to the established 

Cretaceous stratigraphy.    

 Based on this interpretation, both orthogonal and conjugate fracture networks 

are expected.  The tunnels are predominantly free of flint bands; however, their 

occurrence is increasingly observed in the upper stratigraphy of the O-Sector as the 

Seaford Chalk Formation is encountered.  Coarse nodular chalk is observed in the Lewes 

Chalk Formation of the Grange Sapper tunnels, whereas the chalk increases in carbonate 

purity in the O-Sector tunnels.   
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 This information will subsequently be applied to an interpretation of the 

structural trends and material properties that affect the stability of the WWI excavations 

at the Vimy site.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.16 – Summary of the interpreted Vimy excavation stratigraphy with respect to 
the established stratigraphic column of Mortimore et al. (2001).   
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CHAPTER 3 - ENGINEERING GEOLOGY 
 

3.0 INTRODUCTION 

 Chalk is considered, by many engineers, to be an unremarkable fine white rock.  

In contrast to this perception, however, it offers a unique engineering challenge as a 

highly variable material.  Properties vary both laterally and stratigraphically.  Experience 

with high profile engineering projects have largely contributed to the current knowledge 

surrounding chalk characteristics, the best-known of which is the Channel Tunnel and its 

associated rail systems, linking England and France under the Straits of Dover (Warren 

and Varley, 1992; Bowden et al., 2002).  Many port facilities in England and France are 

founded on chalk (Lord et al., 2002).  Lesser known are the thousands of chalk 

excavations throughout Europe and the Middle-East (Bahat, 1999; Polishook and Flexer, 

1998) that have been mined since Neolithic ages, prior to the enhanced engineering 

understanding of today.   

 The following chapter draws on data compiled by others from studies of a number 

of these chalk earthworks.  Additional properties measured from samples collected at the 

Vimy sites corroborate the estimated values.  After the introduction to chalk properties 

relevant to engineering purposes, a review of failure mechanisms in chalk excavations is 

provided.  Lastly, a report on the site conditions observed in the Vimy tunnels is provided 

in the context of excavation stability. 

 

3.1 ENGINEERING PROPERTIES OF CHALK  

 Chalk has unique engineering characteristics as a result of its distinct depositional 

history.  Properties of the chalk, which vary significantly within and across stratigraphic 
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units, are controlled by compositional variations, textural disparities and diagenetic 

processes.  Within this section, a focused discussion of hardness, strength, deformation 

and fracture characteristics is presented. 

 

3.1.1 Hardness 

The hardness of the chalk varies with diagenetic history.  High porosity, soft 

chalks are the result of syn-depositional cementation at grain contacts, which provides the 

rockmass with sufficient strength to withstand high vertical stresses with very little 

compaction (Bell et al., 1999).  In contrast, distinct horizons of hard dense chalk result 

from accelerated seafloor cementation at the time of deposition due to enhanced 

bioturbation and low rates of sedimentation (Bell et al., 1999).  These laterally continuous 

zones, termed firmgrounds or hardgrounds based on the degree of cementation, can result 

in very sharp transitions from soft to hard chalk within the rockmass. 

 

3.1.2 Strength  

 Strength of the chalk is generally measured with unconfined compressive strength 

(UCS).  This property is an index, rather than an absolute value, as the outcomes are 

highly dependent upon factors such as sample size, shape, method and equipment used.  

UCS results on dry chalk specimens vary between 0.7 – 40 MPA (Lord et al., 2002), 

which can be classified as weak (1.25 – 5 MPa) to moderately strong (12.5 – 50 MPa) 

(Anon, 1977).  As may be expected, lower UCS values are equated to the softer chalk 

whereas higher UCS values are typical of the harder, highly cemented varieties.  Intact 
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dry density tests show positive correlation to both UCS and point load strength testing 

(Lord et al., 2002).   

 Experiments by Bell et al. (1999) show that upon saturation, chalk specimens 

exhibit a loss of strength of up to 50% of the original dry UCS.  Additional measurements 

have revealed that weaker rocks will tend to experience greater strength loss upon 

saturation than moderate to strong samples.     

 UCS tests completed on 17 samples from the field sites visited in southern 

England, northern France and Vimy are presented in the following Table 3.1.  Methods 

are outlined in Appendix A. Strength values ranged from 1 – 11 MPa, classified as weak 

to moderate material (Anon, 1977).   

 

Table 3.1 – Summary of unconfined compressive strength tests. 

ID Sample Description UCS (MPa) 
Young’s Mod 
 E. (GPa) 

Poisson’s 
ratio (μ) 

Q1 Miraumont quarry, N. France 4.27 2.24 0.07 
Q2 Miraumont quarry, N. France 11.40 5.28 0.26 
Q3 Miraumont quarry, N. France 7.78 4.31 0.15 
Q4 Miraumont quarry, N. France 4.34 2.32 0.20 
Q5 Miraumont quarry, N. France 9.33 6.03 0.15 
Q6 Miraumont quarry, N. France 10.23 5.35 0.16 
Q7 Miraumont quarry, N. France 4.47 1.64 0.11 
Q8 Miraumont quarry, N. France  1.65 0.44 0.11 
16A Hope Gap, S. England 1.96 0.49 N/A 
16B Hope Gap, S. England 1.20 0.34 N/A 
18A Beaucourt Quarry, N. France 3.50 0.45 N/A 
18B Beaucourt Quarry, N. France 3.91 0.40 0.18 
19 Beaucourt Quarry, N. France 1.29 0.37 N/A 

51A O-Sector Tunnel, Vimy, France 5.06 0.88 0.18 
51B O-Sector Tunnel, Vimy, France 4.03 0.53 0.10 
54 O-Sector Tunnel, Vimy, France 8.38 2.89 0.17 

101 Goodman Subway, Vimy, France 1.90 0.52 0.16 
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3.1.3 Deformation 

As a result of its weak, highly porous nature, chalk behaves non-elastically.  

Stress-strain curves illustrate an irrecoverable extended zone of closure and compaction 

before exhibiting linearity. A typical stress-strain curve for chalk is illustrated in Figure 

3.1.   Experiments by Matthews and Clayton (1993) show Young’s modulus values on the 

order of 30 GPa for dense, low-porosity chalks and 1 GPa for soft, high-porosity chalks.  

The very low Young’s Modulli observed in Table 3.1, calculated from soft chalk samples 

collected near the Vimy site, support the previous values.  Sample size was limited during 

field collection, however (see Appendix A), and may affect the results.  Non-elastic rocks 

typically include those with low cohesion, high porosity and poor lithification, all of 

which are general characteristics of the Cretaceous chalk (Bell et al., 1999).  Poisson’s 

ratio for dense chalk varies between 0.25 and 0.3 as a function of porosity and saturation 

(Japsen et al. 2005). At porosities greater than 30%, Poisson’s ratio becomes very 

sensitive to saturation. The ratio was particularly difficult to determine from the strength 

tests on the Vimy chalk because porosities are high and the stress-strain graphs typically 

did not display significant linear portions to measure the value.   

` 

Figure 3.1 – Stress 
strain schematic 
representing the 
average deformation 
of non-elastic chalk. 

σ 

ε
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3.1.4 Fracture 

Field observations have illustrated that fracture characteristics are distinct to 

particular lithological units in chalk (Mortimore, 2001).  Properties such as style, dihedral 

angle of conjugate fractures, fracture frequency, aperture, nature of aperture infilling, and 

weathering characteristics are all influenced by lithology.  Of particular concern to 

excavation design in chalk, and which are subsequently described, are the style, fracture 

aperture, and fracture frequency (Lord et al., 2002).   

Fracture style varies with lithology.  Conjugate fracture sets with slickensided 

fracture walls are characteristic of chalk formations containing marl seams and high 

overall clay content, whereas vertical fracture networks are typical of the pure carbonate 

chalk successions (Fig. 3.2, below).  As a result, failure modes that may be expected 

within pure carbonate chalk and clay-rich chalk will differ.  Engineering design must 

consider block failure and ravelling in the orthogonally jointed rockmass whereas wedge 

failure and sliding is of concern in the clay-rich conjugate jointed material.   

Fracture apertures are variable and are additionally influenced by rockmass 

stresses; however, lithology does play an important role. Larger apertures are typical of 

the soft, pure carbonates as they are more susceptible to widening via dissolution and 

abrasion along the fracture planes.   Fracture infilling typically corresponds to the fracture 

style;  clay smear and sheet flint are typical of steeply inclined conjugate shear fractures 

whereas vertical and horizontal fracture sets tend to be clean (Lord et al., 2002). 

Frequency of fracture sets is an important factor to engineering practice in chalk 

as it governs block size, stability of excavations and various aquifer properties.  Depth 

and geological characteristics both influence fracture frequency.  A depth of 50 m is 
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considered the limit of permeability in chalk; at this point all fracture apertures are closed 

tight (Mortimore, 1993).  Seismic profiles support that, with depth, fracture frequency 

decreases and bulk density increases (Mortimore, 1993).  Although some cases do exist in 

which large areas of increased fracture density persist throughout the chalk succession, 

these are generally attributed to fault zones and natural hydrofracturing (Lord et al., 

2002).  At the smaller outcrop scale, variations in shallow fracture density are associated 

with frost shatter and beneath historic glacial outwash channels.  Tectonism and 

weathering can also influence fracture style and frequency; however, these controls are 

difficult to categorize or predict in distinct zones (Mortimore, 2001). 

 

 
 

Figure 3.2 – Clay-rich chalk successions of Mers, northern France (bottom) host 
distinct conjugate fracture sets whereas pure white chalk cliffs at Hope Gap, southern 
England (top) exhibit vertical and horizontal orthogonal fracture patterns (July 2006).  
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3.1.5 Weathering 

 In addition to the previously reviewed intact properties of chalk, it is necessary to 

address its durability.  Due to the high carbonate content of the material, chalk is highly 

susceptible to alteration via fluid interaction.  Both softening and hardening of chalk can 

occur with weathering.   

 Natural precipitation is mildly acidic as a result of interaction with atmospheric 

CO2.  As surface water percolates through overlying vegetation and soil, additional CO2 

is incorporated, further lowering the pH.  When fluid reaches shallow chalk along 

permeability pathways such as fractures and bedding planes, it is capable of dissolving 

the carbonate material (Fig. 3.3).  An overall softening effect occurs, contributed by: 1) 

intergranular weakening and an overall decrease of UCS, 2) increased joint aperture, 

which decreases the overall confining stress of the rockmass and decreases joint strength, 

and 3) formation of dissolution pipes at fracture intersections within which overburden 

material may flow. 

 

Figure 3.3 – Percolation of surface groundwater through chalk causing dissolution and 
karst.  (Lamont-Black & Mortimore, 2000) 
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Hardening of chalk occurs when percolating fluid is oversaturated with respect to 

calcium carbonate.  This may occur when fluid flow is sufficiently slow to dissolve large 

quantities of carbonate rapidly.  Minimal CO2-rich overburden can also contribute to the 

oversaturation of groundwater with respect to carbonate.  Carbonate cement is 

reprecipitated at depth where material is leached from overlying deposits (Lord et al., 

2002).  This recementation process is common around the edges of deep dissolution 

pipes.  Typically, hard chalk exhibits higher strength values than those of unweathered 

varieties. 

 In high latitude environments, frost acts as a weathering agent (Robinson and 

Jerwood, 1987).  Freeze-thaw cycles can, over time, reduce soft, high-porosity chalks to 

soil.  The resulting material generally contains angular chalk blocks within a fine dust 

matrix.  Correlation is strong between the susceptibility of chalk to frost shatter and its 

porosity.  Soft, high-porosity chalks exhibit the least resistance as a result of the high 

pore-water content (Lord et al., 2002).  Further discussion with respect to the processes of 

chalk alteration in the meteoric environment is provided in Chapter 4.  

 

3.2 FAILURE MECHANISMS IN CHALK 

Chalk has been excavated for millennia for a variety of reasons, for example as a 

common source of flint, building stone and lime.  A major hazard associated with these 

excavations is the lack of knowledge of their whereabouts.  Pre-historic mine workings 

are known to exist throughout much of Europe and the Middle-East.  Even within the last 

century many chalk mines have gone undocumented before laws were put in place to 

ensure proper records are kept.  Numerous studies surrounding the expected stability of 
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these excavations have been completed.  A summary of the major failure modes observed 

in chalk earthworks is provided in this section.  A more detailed synthesis of the failure 

mechanisms present specifically at the Vimy site will follow. 

 

3.2.1 Pillar Failure 

 Room and pillar mine design is a naturally supported excavation method, common 

to ore extraction, found in limestone and chalk terrains, among others.  Pillars, which act 

as the support to the excavation, are the remnant rockmass that remains after rooms or 

chambers have been excavated and are generally organized in a grid pattern (Brady & 

Brown, 1993).  Post-mining stress transformations result in compressive stress 

concentrations in the pillars and tensile concentrations in the hanging wall (roof) and foot 

wall (floor).  Pillar failure occurs when the applied vertical stresses in the pillar exceed 

the intact strength of the rockmass.   The most common mode of failure in pillars occurs 

as spalling at the pillar surface around the center of the column, which gradually results in 

a distinct hour-glass shaped rupture (Brady & Brown, 1993), illustrated in Figure 3.4.   

The failure of a single pillar is generally not considered a major event.  Risk to 

human life or danger to the entire mine is minimal and limited to the immediately 

surrounding area.  However, a major consequence of this local pillar failure is the domino 

effect it may create.  After failure, the stress once sustained by the pillar is shed and 

subsequently increases the load acting on the surrounding pillars.  Successive failures are 

likely to radiate outwards from the point at which the first pillar failure occurred 

(Bekendam, 2004).  An example of collapse due to pillar instability is that of the 

Heidegroeve mine in the Netherlands in the year 1988, pictured in Figure 3.4.  The chalk 
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in this photo is free of structure and therefore the dominant failure mode observed is that 

of spalling of intact chalk at the pillar edges.   

 
 

 
Figure 3.4 – Failed pillar, with distinct 
hour-glass shape in the Heidegroeve 
mine, Netherlands.  Vertical height of 
pillar in photo is approximately 4.6 m  
(Bekendam, 2004) 

 
 
 
 

3.2.2 Beam Failure (Roof Collapse) 

 In a horizontally bedded, laminated rockmass, such as chalk, beam failure or 

‘snap-thru’ (Diederichs & Kaiser, 1999) is a common failure mechanism in all 

underground excavations.  If confining stress is not sufficient to support the rock bridge 

created by the bedding plane and excavation surface, detachment of the roof layer may 

occur (“unstable” behaviour in Figure 3.5 top). In laminated rockmasses, such as the 

chalk at Vimy, the maximum stable span of a given excavation increases with lamination 

thickness (Fig. 3.5 top).  Early signs of imminent roof detachment include bowing of the 
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roof or the presence of tension cracks in central roof locations.  The presence of joints 

will further weaken the roof, in addition to providing pathways for fluid flow and 

subsequent dissolution (Bekendam, 2004).  Figure 3.5 (bottom) illustrates this mechanism 

of block fall-out in an unconfined jointed roof.  

 

 

Figure 3.5 – Top) General limits on tunnel spans in laminated ground controlled either by 
critical stiffness or strength (Diederichs and Kaiser 1999); Bottom) Simplified schematic 
of the beam failure mechanism.   
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3.2.3 Ravelling 

Ravelling occurs in rockmasses with high joint frequency and inclined structure.  

Ravelling behaviour is dominated by joint spacing and joint quality.  As indicated in 

Section 3.1.4, fracture spacing is partially influenced by lithology, and generally increases 

with depth.  However, other controls such as tectonic stress and weathering are present 

and may result in anomalous zones of small fracture spacing, which are difficult to 

constrain or predict.  

 Ravelling potential can be assessed using Bienawski’s (1989) Rockmass Rating 

(RMR) classification.  RMR is a rock quality index that is based on six parameters: 1) 

UCS, 2) rock quality designation (RQD), 3) joint spacing, 4) discontinuity condition, 5) 

groundwater conditions, and 6) orientation of discontinuities.  The lower the RMR, the 

more susceptible the rockmass is to ravelling failure.  As key blocks fail, often due to the 

aforementioned beam failure, confining pressure is subsequently lost.  This causes 

destabilization of the strata overlying the initial key blocks; a process which continues to 

propagate upwards until a stable pressure arch is achieved in the roof (Hoek, 2007), as 

illustrated in Figure. 3.6. 

 

 
Figure 3. 6 – Simple schematic of the ravelling failure mechanism.   
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3.2.4 Earth Inflow via Dissolution Pipes 

Dissolution pipes are common within the chalk.  The vertical intersection of two 

joint planes forms a lineation along which fluid preferentially flows in a low-permeability 

rockmass.  As fluid dissolves material along these lineations, perfectly circular karst 

structures are formed through which the overlying surficial deposits may migrate.  

Dissolution pipes can also occur in other areas of the chalk rockmass where fluid is 

concentrated at a singular point source.  Should these features intersect an excavation, 

they provide a pathway for soils to enter into the void.  Typically, the more granular the 

material overlying the dissolution pipe, the more readily it will migrate through the 

dissolution feature.  Upon entering the excavation, material will continue forming a conic 

mound until it reaches an angle of repose of approximately 40 degrees (Bekendam, 2004) 

(Fig. 3.7).   

In addition to directly causing hazards for those working within the excavation, 

the presence of these weathering features may result in local reduction of pillar stability.  

Although dissolution pipes are known to exist in abundance throughout chalk terrain, 

their locations are often obscure and difficult to predict; they are therefore difficult to plan 

for in engineering design.   

These earth inflow occurrences are most liable to induce immediate local surface 

subsidence in comparison with the beam failure and ravelling scenarios.  Loss of material 

at surface is directly linked to the earth flowing into the excavations, whereas roof 

collapses may be impeded prior to progressing all the way to surface, either by volume 

expansion of the material upon failure (bulking) or the formation of a stable pressure arch 

within the beam.   
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Figure 3.7 – Simplified schematic of the dissolution pipe failure mechanism. 
 
 
 
3.3 SITE INVESTIGATIONS 
 

The conditions of three tunnel locations at the Vimy site were examined; the 

sapper tunnels of the Grange Subway, the O-Sector Tunnels and the Goodman Subway 

were all accessed with the permission of Veteran’s Affairs Canada, and under the 

guidance of the Durand Group.  Visual assessments of geologic conditions and tunnel 

stability were completed and are presented here with the results of joint mapping and 

strength testing. 

UCS results from the excavations are limited for a number of reasons. In an effort 

to preserve the historical integrity of the site, the size and shape of samples was kept to a 

minimum.  Some samples, however, were of sufficient dimension to provide UCS values 

(Table 3.1).   Strengths ranged from 2 – 8 MPa, which is classified as weak (1.25 – 5.0 

MPa) to moderately weak rock (5.0 – 12.5 MPa) (Anon, 1977).  The O-Sector Tunnel 

main lateral, located at an approximate depth of 20 – 25 m below surface yielded the 

strongest samples.  Material with the lowest UCS values come from the Goodman 

Subway, located at an approximate depth of 10 m.  Young’s modulus is typically less 

than 1 GPa for both excavations, although one sample from the O-Sector reaches 

approximately 3 GPa.   
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Three types of failure are observed within the Vimy excavations: 1) beam failure 

in the form of roof collapse, 2) ravelling of roof collapses into bell chambers, and 3) earth 

inflow along dissolution pathways.  Each failure mode will be discussed with specific 

reference to the host tunnel in the following section.   

 

3.3.1 Grange Subway and Sapper Tunnels 

 The Grange Subway is the only WWI excavation open for public access at the 

Vimy Site.  The subway has been highly exposed to anthropogenic influence as roof 

reinforcement and modern lighting are necessary for its current accessibility.  As a result, 

investigations into the geologic nature of the chalk and tunnel stability were not carried 

out in the main subway but rather within the network of smaller offensive sapper tunnels 

that branch from the Grange.  These tunnels have cross-sectional dimensions ranging 

from 2H x 1W m down to 1H x 1W m and descend to a depth of approximately 15 m 

below the main subway, 25 m below ground surface.  The sapper system is illustrated in 

detail in Figure 3.8. 

 

3.3.1.1 Grange Tunnel Conditions 

 The sapper tunnels exhibit little structure to a depth of roughly 20 m below ground 

surface.   Structural elements, in the form of large joint sets, become more prevalent at 

depths of 20 – 25 m.  Fractures mapped within the tunnel indicate the presence of three 

major joint sets, illustrated in the stereonet of Figure 3.9.  Most mapping was completed 

within the main deep lateral trending roughly southeast-northwest, labeled tunnel A-B in 

Figure 3.8.   
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Roof failure 

A 

B

Figure 3.8 – Map view of the Grange system.  Left inset illustrates the location 
of the sapper network, with respect to the entire subway.  Light colours indicate 
shallow depth, while dark colours indicate greater depth. The public access stairs 
provide access to the subway tunnel elevation from ground surface.  Data 
modified from map compilations of Canadian, British and German archival 
sources by Lt. Col. Phillip Robinson of the Durand Group. 

 

 The tunnel walls and roof in the south end of the lateral, near A, are rough and 

blocky.  Fracture planes are generally continuous, undulating with rough surfaces and 

millimeter scale aperture.  Two conjugate faults are present approximately 40 – 50 m 

along the lateral towards point B.  One fault exhibits several centimeters of gouge, with 

no slickenlines.  The second, however, contains clay smear, in addition to slickenlines.  

Beyond these faults, the tunnel condition changes dramatically.  The walls and roof 

appear smooth, as the tunnellers appear to have exploited a vertical fracture plane that 
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runs along the same orientation as the excavation.  This condition continues 

approximately 15 m to the end of the main lateral. 

 

Figure 3.9 – Equal angle, lower hemisphere stereonet of fractures mapped within the 
Grange sapper tunnels.  Two vertical joint sets and a horizontal bedding surface are 
identified, resulting in orthogonal structure.   
  

Observations that reflect environmental conditions in the tunnels include: 

 Ground water freely dripping in several locations.   

 Reprecipitated calcium carbonate flowstone (Fig. 3.10, Panel A) occurs frequently 

along the walls and roof of the excavations.   

 Rough granular crusts are also present in areas of high fluid flow.   

 Dissolution occurs at several locations in the Grange sapper tunnels.   

 Chalk is reduced to a putty-like consistency (Fig. 3.10, Panel B) in two locations 

where historic water-flow is evidenced by silt-filled karst structures.   
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A      B 
     
Figure 3.10 – A) Calcium carbonate flowstone precipitated on the excavation walls and 
roof.  B) Chalk rock reduced to putty is weak enough to allow insertion of a finger.  (July 
2006) 
 

3.3.1.2 Failure Mode in the Grange Excavations 

 Much of the Grange network investigated was under stable conditions.  However, 

one area (labeled in Fig. 3.8) of instability is present where beam failure was observed, as 

exhibited in Figure 3.11.  The chalk has failed from the roof in irregular blocks, resulting 

from a loss of confinement in the roof beam.  

  

Figure 3.11 – Beam failure 
within the Grange sapper 
tunnel.  Tunnel width is 
approximately 1 m.  (July 2006)
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3.3.2 O-Sector Tunnels 

 The O-Sector defensive tunnels are oriented parallel to the historic front line, 

trending approximately north-south.  These excavations are restricted to the public and 

have had only minor anthropogenic influence since the war.  Dimensions of the tunnels 

are approximately 1.5 - 1 m in height and 1 m wide in cross-section.  The main lateral of 

the defensive system, at a depth of 20 – 25 m, measures over 1 km in length and contains 

a number of fighting tunnels that extend perpendicular from it towards the east, and the 

position of the German front line.  Tunnel condition was investigated along roughly 300 

m of the main lateral from the access decline O.64.E to the far incline O.63.D (Fig. 3.12). 

 

3.3.2.1 O-Sector Tunnel Conditions 

 Much of the O-Sector tunnel system is excavated within clean, pure chalk.  

Fractures measured within the main lateral and inclines are generally orthogonal, 

representing bedding planes and sub-vertical joint sets (Fig. 3.13).  Tunnel walls within 

the main lateral are smooth with remnant pick marks of the original excavation.  The roof, 

likewise, is intact through much of the lateral extent and is illustrated in Figure 3.14.   

 Environmental conditions are very dry.  No free flowing water is present and 

humidity is low.  The minimal anthropogenic influence has resulted in minor exposure 

processes within the tunnel.   
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Figure 3.13 – Equal angle, lower-hemisphere stereonet projection of fractures mapped 
in the O-Sector Tunnel.  Two near-vertical joint sets and a horizontal bedding plane 
set are identified. 

BA 

Figure 3.14 – Panels A and B illustrate the smoothness of the tunnel walls and lack 
of major structure within the roof beam.  Dark spots in walls are flint nodules (July 
2006) 
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3.3.2.2 Failure Mode of the O-Sector Excavations 

Although much of the O-Sector system is considered structurally stable, one 

location, approximately 200 m south of the access tunnel, exhibits considerable roof 

instability.  Rectangular blocks line the tunnel floor in the area where failure is 

structurally controlled by a major vertical fracture (Fig. 3.15).   

The beam failures observed during site investigations generally occur in clean, 

pure chalks and result in the formation of orthogonal slabs. Failures are normally found 

where the span is increased due to wall excavation (for storage or passage) (Fig. 3.16) or 

at intersections with side tunnels (Fig. 3.15).  Stratigraphically, this type of failure is 

related to the orthogonal fracture pattern of the younger Seaford Chalk Formation, in 

which the O-Sector was excavated.   

Figure 3.15 – Beam failure 
located in the main lateral of 
the O-Sector.  (July 2006) 
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Figure 3.16 - Beam failure (background) due to increased span. (July 2006) 

 

3.3.3 Goodman Subway 

The Goodman subway is a transport tunnel, used in the same fashion as the 

Grange Subway and, as a result, is of similar depth and dimensions.  In cross-section it is 

approximately 2H m x 1W m, at a depth of roughly 8-10 m below ground surface.  Unlike 

the Grange, the Goodman subway is inaccessible to the public and is therefore an ideal 

study site.  Investigations were limited to the main subway, as few tunnels extending from 

the subway are currently accessible.  Figure 3.17 illustrates a schematic of the subway.   

 

3.3.3.1 Goodman Tunnel Conditions 

 Conditions within the Goodman subway are unlike either the Grange or O-Sector 

systems previously presented, as increased fracture frequency has resulted in roof failure 

even in the narrow tunnel spans (Fig. 3.18).  Fracture frequency is much higher at this 
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site, and many of the fractures are infilled with silt.  A mapping exercise, detailing all 

major structural occurrences was completed.  Vertical, continuous fractures, bisecting the 

subway, occur at a spacing of 5 – 9 m.  Nineteen such structures were measured in total, 

all inducing a degree of local instability.  Mapped fractures are illustrated in stereonet 

projection below in Figure 3.19.  Dissolution is evident along the fracture planes as 

eighteen of the nineteen measured structures contained centimeter scale silt infill.  This 

frequency of infill occurrences may be due, in part, to the increased permeability of the 

upper chalk material due to bombing and shelling throughout WWI.   

 

 

Figure 3.18 - Typical Tunnel conditions in the Goodman (July 2006).
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Figure 3.17 – Schematic diagram of the Goodman Subway.  The tunnel was 
accessed via the cleared shaft shown above.  Dashed line indicates the portions of 
the tunnel accessed during site investigations.  Arrows show the point of overlap 
of the two diagrams.  Data modified from map compilations of Canadian, British 
and German archival sources by Lt. Col. Phillip Robinson of the Durand Group. 

 - 75 -



 

Figure 3.19 – Equal angle, lower-hemisphere stereonet projection of the 
fractures mapped in the Goodman Subway.  Two near-vertical joint sets are 
identified in addition to a sub-horizontal bedding plane. 

3.3.3.2 Failures Modes in the Goodman Subway 

The Goodman Subway is the least stable of the three excavations studied at the 

Vimy site.  Two locations of meter scale clay pipes were observed in the Goodman tunnel 

and are marked as clay plugs on Figure 3.18.  Both clay plugs have been excavated 

through and reinforced to permit current access to the subway.  These earth inflow events 

are common in chalks with conjugate fracture sets, as the dissolution pipes can form 

along the fracture intersection lineations; however, this is not always the case.  The chalk 

of the Goodman Tunnel is interpreted as the Lewes Chalk Formation, where the conjugate 

fracture pattern is common.  Figure 3.20 presents photographs of both clay plugs present 

in the Goodman subway. 
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Figure 3.20 – Dissolution pipes with clay inflow from the Paleocene overburden at two 
separate locations along the Goodman Subway.  (July 2006) 
 
 
 

In addition to earth inflow through dissolution pipes, ravelling is a common 

failure mode within the Goodman subway.  In the Vimy tunnels, this type of failure 

results in the formation of bell chambers in the roof.  These failures, attributed to the 

increased incline structure and fracture frequency observed within the subway, are 

directly correlated to the major fracture planes that were measured throughout the tunnel.  

Dissolution along the fractures central to the bell chambers contributed to confining stress 

relaxation, thereby initiating the collapse.  Figure 3.21 illustrates the bell chambers 

observed on site.  This failure is related both to stratigraphic position and to increased 

joint frequency, which may be a function of external influence such as military shelling 

during the war.   
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Figure 3.21 – Ravelling failure mechanism at two separate bell chamber 
occurrences in the Goodman tunnel.    

 
3.4 A DISCUSSION OF KEY FAILURE MODES AT VIMY 

 The following section is a synthesis of the failure modes observed at the Vimy site 

(1 – ravelling, 2 – beam failure and 3 – dissolution pipes) and the geologic conditions 

under which they occur.  Discussions relating to previous numerical modelling results of 

Hutchinson et al. (2008) and empirical stability correlations are presented.   

 

3.4.1 Ravelling Conditions 

 Ravelling failures are frequent in rockmasses that contain thick laminations with 

little separation, common attributes of clay-rich chalk (see Fig. 3.22). Closely spaced 

inclined joint sets contribute to the formation of bell chamber failure geometries as 

illustrated in Figure 3.23.  These rockmass characteristics, typical of ravelling, are 

observed not only in the Goodman Subway but also in coastal outcrop (Fig. 3.24).   
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Figure 3.22 -  Ravelling (combined with beam failure due to presence of inclined, poor 
quality joints (Goodman). Note Lt. Col. Robinson’s feet in adit at lower right. (July 2006) 
 

Figure 3.23 – Inclined joint sets within bell chambers of ravelling failure.  Hematite 
staining is present along the fracture plane (July 2006).   
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Figure 3.24 – Ravelling failures associated 
with inclined joint sets in the clay-rich Lewes 
Nodular Chalk formation at Puys, France.  
(July 2006) 

 

Modelling by Hutchinson and Diederichs (2007) indicates that ravelling is 

promoted by a decrease in geologic strength index (GSI).  GSI is a rockmass 

classification scheme (Marinos and Hoek, 2000) that takes into account a combination of 

factors including: joint frequency, deformation and weathering of the joint surface (Figure 

3.25). Phase2 (Rocscience Inc., Toronto, ON) two-dimensional numerical models used by 

Hutchinson and Diederichs (2007) represent horizontally stratified chalk in which GSI 

decreases with increasing proximity to the surface.  As Figure 3.26 illustrates, ravelling 

increases as the excavation is moved to shallower levels and thus lower GSI.   

The results of recent field work, however, reveal that GSI can change not only 

with depth, but with lateral variation in the chalk, thereby enhancing ravelling potential 

and necessitating more complex model geometries.   
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Figure 3.25  - Geological Strength Index (GSI) classification chart.  
Modified after Hutchinson and Diederichs (2007).  The template accounts 
for initial rockmass conditions along the left and long-term weathering 
conditions along the top.    

  Figure 3.26 – Two-dimensional 
continuum modeling (Phase2) of an 
excavation at 6.0 m depth (top) and 
4.5 m depth (bottom). Darker 
colours indicate failed elements and 
light colours represent stable 
material.  GSI is least at ground 
surface and increases with depth. 
Modified after Hutchinson and 
Diederichs (2007) 
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Susceptibility of an excavation to ravelling is also a function of the roof span 

dimension.  Most failures observed on site occur at the intersections of tunnels where the 

roof span is increased to approximately twice the standard tunnel width.  Additional 

modelling by Hutchinson and Diederichs (2008) addresses the effect of span width.  

Increasing span width results in a higher number of fractures present in the roof beam and 

therefore increases the probability of block detachment.  Figure 3.27 illustrates a 

comparison of two excavation models; one of 1 m width by 2 m height and that 

previously illustrated (Fig. 3.26) with 3 m width and 2 m height.  Higher stability is 

observed in the narrower opening with only minor instability at the roof corners 

(illustrated by the darker shades) as the excavations are moved into lower GSI material.  

A three-fold increase in excavation span resulted in significantly higher instability within 

the tunnel.  Therefore, areas of increased span, such as tunnel junctions, should be 

carefully monitored.   

 

 

 

 

 

 

 

 

 

 Figure 3.27 – Two-dimensional continuum models (Phase2) of a narrow excavation (left) 
and wide excavation (right) at 6.0 m and 4.5 m depth.  Dark colours indicate failed elements 
and light colours represent stable material.  (Modified after Hutchinson and Diederichs, 
2007) 
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An RMR assessment of ravelling susceptibility, as introduced in Section 3.2.3, 

based on Bienawski’s (1989) RMR classification scheme, demonstrates that the Goodman 

Subway is the most prone, of all the excavations examined, to ravelling failure (lowest 

RMR) and that the O-Sector is least susceptible (highest RMR).  Figure 3.28 illustrates 

the variables that influence RMR in table format; those most representative of the O-

Sector excavations are highlighted with green while those corresponding to the state of 

the Goodman Subway are highlighted with red.   

The RMR estimates for the O-Sector and Goodman excavations are applied to 

empirical stability and stand-up time correlations (as adapted by Hutchinson and 

Diederichs, 1996) in Figure 3.29.  This graphic illustrates the relationships of RMR with 

maximum stable excavation span over time.  In the Goodman Subway, failures are 

observed in areas with a 1 m roof span.  Based on an RMR estimate of 41 for the 

Goodman Subway, it plots on the far left of the correlation graph, indicating a maximum 

stable span of just 1 m, which corroborates previous observations.   

A span of 1 m may be immediately stable upon excavation, under the given conditions; 

however, potential for failure is present in the long-term.  In contrast, the O-Sector chalk 

is considered indefinitely stable up to spans of 4 m, as observed on the correlation graph 

with an RMR estimate of 75.  Although beam failure was observed in the O-Sector in 

areas of increased span and a discrete structural hazard, the excavation as a whole is in 

good condition.  Areas with spans over 4 m may experience instability in the time range 

of 50 – 100 years.   
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Figure 3.28 - Range of Chalk quality at Vimy according to RMR. Green ratings indicate 
best case conditions (seen in O-Sector) while red indicates worst case situations 
(Goodman with spring water ratings). 
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 Worst Goodman Best O-Sector 

 

Figure 3.29 - Worst case (poor quality rock at Goodman) and best case (deep chalk at O-
Sector) chalk conditions and associated critical spans and stand-up limits. Rock quality, 
span and predicted stand-up time are from Bieniawski’s RMR (Bieniawski 1989 with 
alternative presentation by Hutchinson and Diederichs 1996). Goodman rating indicates 
short term stability but long term potential for failure of 1m span. O-sector rating 
indicates 4m span can be stable indefinitely. 

 

3.4.2 Beam Failure Conditions 

 Block detachment via beam failure is generally observed in rockmasses with 

thinner laminations in which separation along bedding planes is common.  Sub-horizontal 

and sub-vertical joint sets in the roof strata are analogous to a Voussoir beam.   Loss of 

confinement in the beam, generally from the removal of material along vertical joint sets, 

results in the detachment and failure of orthogonal blocks.  Consequently, due to the 

 - 85 -



vertical joint orientations, failure will propagate upwards at a uniform width (see Fig. 

3.30), in contrast to the arching effect observed in ravelling failures described previously.  

This orthogonal geometry is observed both in the Vimy excavations (Fig. 3.31) as well as 

in coastal outcrop (Fig. 3.32).   

 

Figure 3.30 - Failed beam abutment detail in the Goodman Subway (July 2006). 

Figure 3.31 – Orthogonal structure of 
the roof strata in clean, pure chalk of 
the Seaford Chalk Formation in the O-
Sector excavation.  (July 2006) 
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Figure 3.32 – Beam failure in the 
Seaford Chalk Formation along the 
southern English coast.  Note the upward 
migration of block detachment with 
uniform width. (June 2006) 

 

 

 Analyses by Hutchinson and Diederichs (2007), based on the analysis method of 

Diederichs and Kaiser (1999), have related lamination thickness, maximum stable span 

and GSI to the stability of Voussoir beams.  In addition, Diederichs and Kaiser (1999) 

present a method of analyzing stress relaxation or beam shortening due to material 

dissolution. These Voussoir analyses are illustrated in Figure 3.33 under stable 

conditions, representative of the rockmass at the time of initial excavation, and in Figure 

3.34 under later conditions of weathering.  A comparison of the two figures illustrates that 

the cumulative loss of 2 mm of material roof strata significantly alters the position of the 

stability curves from the initial conditions.   
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For example, given a tunnel excavated under the typical conditions of point A 

(maximum span = 2.7 m, lamination thickness = 10 cm and GSI = 40), the tunnel would 

be stable as it lies under the stability curve during initial conditions (Fig. 3.33).  Upon 

cumulative dissolution of 2 mm of material from fracture surfaces, however, the point is 

then located above the stability curve (Fig. 3.34) and the excavation roof span is 

considered unstable.  Minor cumulative dissolution of joint planes in the roof strata is 

capable of inducing significant beam instability.  

 The grey shaded area observed in both Figures 3.33 and 3.34 represents the 

relation of beam thickness to rockmass stiffness as a function of the GSI, specifically for 

the Vimy rockmass (Hutchinson and Diederichs, 2008).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A

UNSTABLE 

STABLE

Figure 3.33 – Voussoir analysis under initial conditions (modified from Hutchinson and 
Diederichs, 2007) indicating excavation stability with respect to maximum span, 
lamination thickness and GSI.   
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Figure 3.34 – Voussoir analysis under weathered conditions (modified from Hutchinson 
and Diederichs, 2007) indicating excavation stability with respect to maximum span, 
lamination thickness and GSI.  Effect of weathering is modeled only as loss of 2mm of 
vertical joint wall material over the tunnel span. The effect is increased if a reduction in 
GSI and modulus is assumed. 
 
 
 
3.4.3 Dissolution Pipe Conditions 
 
 Dissolution pipes are common in clay-rich chalks with conjugate fracture patterns.  

As water is concentrated along the intersection lineation of the conjugate sets, dissolution 

is enhanced and corrosion of a cylindrical structure occurs through which overlying 

Paleocene cover can inflow.  This failure mode is observed both in coastal outcrops (Fig. 

3.35) and in the Goodman excavation (Fig. 3.36 and 3.37).    

A

UNSTABLE 

STABLE 
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 Figure 3.35 – Dissolution pipes observed beneath the Paleocene cover at Birling 
Gap, southern English coast.  Pipe in the bottom photo is approximately 1 m in 
width (June 2006). 
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Figure 3.36 – Dissolution pipe bisecting the Goodman Subway extends several meters 
in width.  Dissolution appears to have arrested at the excavation floor indicating a 
level of decreased permeability.  (July 2006) 

 

 
Figure 3.37 - Large dissolution pipe filled with clay (Goodman). Tunnel span (lower 
right) is 1m. (July 2006) 
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 Estimates of dissolution rates require extensive laboratory data that are not 

available for the current research but may be useful in future projects.  In particular, an 

understanding of the carbonate solubility, groundwater temperature and pH, percolation 

rates and surface concentration factors must be considered prior to such a study. 

 Consideration must be made for the influence of surficial water-usage and 

anthropogenic influence in the concentration of run-off.  Additionally, permeability 

barriers, such as hardgrounds, in the near-subsurface may contribute to the localization of 

fluid flow and promotion of large-scale dissolution.   

 
 
3.5 CHAPTER SUMMARY 
 
 Chalk as an engineering material offers significant challenges due to its high 

variability. Slight variance in the depositional, diagenetic and weathering processes that 

the chalk undergoes can dramatically affect its hardness, strength and fracture properties. 

Failure modes known to occur within most chalk cavities are: 1) pillar failure, 2) beam 

failure, 3) ravelling, and 4) dissolution pipes.  The latter 3 failure modes were observed 

during field work because no chambers large enough to require room and pillar type 

excavations are accessible at the Vimy site.   

 Beam failure is noted in the deep lateral of the Grange sapper network as well as 

the O-Sector main lateral, both at depth of approximately 20 – 25 m.  Apart from these 

two roof collapses, the Grange and O-Sector tunnels are under stable conditions.  The 

Goodman Subway exhibits the most instability; two major meter-scale earth inflow 

events are present along the length of the subway.  These clay plugs have been excavated 

and reinforced to provide currently stable conditions for entry but raise the question as to 
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their origin.  In addition to these plugs, a number of ravelling failures in the roof are 

observed in the vicinity of silt-filled fracture planes.  As the Goodman subway and the 

Grange main subway are located at the same depth, these observations indicate that some 

conditions apart from depth are responsible for the Goodman instability.  An investigation 

into the geologic conditions which may be responsible for the anomalous instability are 

presented in the succeeding chapter.   
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CHAPTER 4 - CHALK ALTERATION PROCESSES 
 
 
4.0 INTRODUCTION 

 Lithology and structural control play important roles in the failures of the Vimy 

excavations, as discussed in the preceding chapter; however, post-depositional alteration 

of chalk is a third control on tunnel stability.  Carbonates are susceptible to a variety of 

alteration processes, particularly in the meteoric environment where they come in contact 

with corrosive fresh water.  Diagenetic effects such as dissolution and recrystallization 

are slow and therefore are more time-dependent failure mechanisms than lithology and 

structure alone; they may therefore contribute to the delayed instability of the tunnels.  

Failure typically did not occur immediately upon excavation, therefore a time-dependent 

geologic control on failure must be considered.   

 The following chapter reviews the theory of carbonate diagenesis, with a specific 

focus on chalk in the meteoric environment and the processes of dissolution, cementation 

and mineral transformation.  Scanning electron microscopy (SEM) is presented as a 

method for qualitative observations of the alteration processes that have affected the 

Vimy chalk and is followed by a discussion on the use of stable isotope geochemistry as a 

complimentary quantitative method for identifying these diagenetic alterations.  The 

results of both techniques are presented and discussed, followed by an overall summary. 
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4.1 CHALK DIAGENESIS 

 Diagenetic reactions in chalk are generally much different than those of the more 

well-known, and geographically more widespread, shallow-water carbonates.  Low 

magnesium calcite comprises the majority of the chalk mineralogy and undergoes less 

alteration when influenced by marine or meteoric water, in contrast to the unstable high 

magnesium calcite and aragonite of many other limestones.  Chalks may be equated to 

micro-coquinas of coccoliths and planktonic foraminifera, with very low amounts of 

terrigenous constituents, and are considered relatively stable chemical systems (Hancock 

and Scholle, 1975).    

 Onshore deposits of chalk have undergone diagenesis in both the marine 

environment and the meteoric environment; therefore, it is necessary to address the 

processes associated with both settings.  Marine diagenesis, which was introduced in 

Chapter 2, is briefly reviewed here, whereas meteoric diagenesis is discussed in detail 

with respect to its alteration processes.   

  

4.1.1 Marine Diagenesis 

Two main processes comprise marine diagenesis of chalks: 1) sea-floor 

cementation and 2) burial diagenesis (Hancock and Scholle, 1975).  Sea-floor 

cementation results in the formation of hardgrounds and firmgrounds, discussed 

previously.  This process is often widespread and generates regional correlation surfaces; 

however, it is considered less widespread than burial diagenesis in large successions of 

chalk.  Burial diagenesis results from increased overburden stress, which produces 

pressure dissolution of the more unstable constituents of chalk into a carbonate solution.  
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Generally, the carbonate from this pressure solution is reprecipitated locally within 

foraminiferal chambers or as overgrowths of coccoliths (Hancock and Scholle, 1975).  

Both continental and offshore chalk deposits in northwestern Europe exhibit evidence of 

the seafloor and burial diagenetic realms.   

 

4.1.2 Meteoric Diagenesis 

The meteoric setting is an important and complex diagenetic environment.  It 

encompasses the realm in which rockmasses are in direct contact with groundwater and 

subsequently undergo an array of processes including dissolution, precipitation and 

mineral alteration.  Several mechanisms, both intrinsic and extrinsic to the rockmass, 

control the diagenetic processes which alter a given carbonate.  Intrinsic factors include 

original mineralogy, grain size, porosity and permeability whereas extrinsic factors are 

those such as climate and overlying vegetation (James and Choquette, 1984).   

Perhaps the most important intrinsic factor to meteoric diagenesis of chalks is 

original mineralogy.  Various carbonate minerals have differing diagenetic potential, 

meaning that different minerals are more stable than others in a meteoric environment 

(Fig. 4.1).  Aragonite and high magnesium calcites are metastable in fresh water and 

therefore are more soluble and susceptible to alteration than low magnesium calcites 

(James and Choquette, 1984).  Chalk is primarily composed of coccoliths and planktonic 

foraminifera which consist of low magnesium calcite that is relatively more stable in the 

meteoric environment.  As a result, chalks are generally better preserved in the meteoric 

environment than their shallow-water carbonate equivalents (Tucker and Wright, 1990).   
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Figure 4.1 – Representation of increasing diagenetic potential of the most common 
carbonate minerals. 
 

The following section describes the zones of the meteoric environment to which 

chalk is exposed.  Additional discussion is provided with respect to the processes of 

dissolution, cementation, and mineral alteration which take place above the water table.   

 

4.1.2.1 Environments 

 The meteoric environment can be subdivided into several zones of diagenesis in 

the subsurface, all with distinctive processes and carbonate products (Tucker and Wright, 

1990) that are illustrated in Figure 4.2.  The water table, the horizon at which hydrostatic 

and atmospheric pressure are equal, divides the unsaturated vadose zone and the saturated 

phreatic zone.  A mixing zone, where groundwater and fluids of marine origin interact, 

underlies both of these regions.  Of particular importance to the Vimy study is the vadose 

zone, as all excavations accessed on site currently lie above the water table; however, 

during previous surveying campaigns, the deeper tunnels were partially flooded and 

therefore in the phreatic zone.  The transition or mixing zone will not be addressed with 

respect to the study as it lies well beyond the depth of military excavations.   
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Figure 4.2 – Schematic of the various 
meteoric environments, with respect to 
ground surface, and the type of 
groundwater flow typically observed in 
each.  Modified from James and 
Choquette (1984). 

  

4.1.2.2 Dissolution 

 Carbonates dissolve upon contact with undersaturated fresh water.  A general 

chemical reaction is given by the following equation: 

                           CaCO3 + H2O + CO2 = Ca++ + 2HCO3
-                      (Eq. 4.1) 

Meteoric waters become mildly acidified in contact with the atmosphere via the addition 

of CO2; therefore, rainfall on bare limestone surfaces will induce some dissolution.  

Further addition of CO2 will promote more dissolution.  Soil and vegetation cover have a 

higher CO2 content resulting from plant respiration and the decay of organic matter and 

will therefore acidify any through-percolating groundwater (James and Choquette, 1984).  

The resulting meteoric water is considered chemically aggressive and will induce 
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dissolution of the rockmass until it reaches a level of saturation with respect to the 

carbonate mineral (James & Choquette, 1984).   

 As indicated above, the diagenetic potential of low magnesium calcite is 

significantly less than that of other carbonate minerals, such as high magnesium calcite 

and aragonite.  Therefore, chalk will not exhibit the degree of dissolution expected in 

carbonates composed of the latter minerals.  As a result, dissolution in a chalk rockmass 

primarily occurs in areas of high fluid flow, such as along discontinuity surfaces and 

above very low permeability horizons.   

 

4.1.2.3 Cementation / Precipitation 

 In addition to dissolution, the precipitation of calcium carbonate is a common 

process in the meteoric diagenetic environment.  James and Choquette (1984) identify 

two types of precipitation: 1) water-controlled precipitation, which occurs as a result of 

CO2 variations in the groundwater and 2) mineral-controlled precipitation, which is 

driven by differing carbonate mineral solubility.  As stated above, chalks are largely 

composed of the more stable low-Mg calcite with very little aragonite or high-Mg calcite 

and are therefore more susceptible to water-controlled precipitation than that of mineral-

controlled precipitation.   

During water-controlled precipitation, one must consider the reverse reaction of 

the aforementioned Equation 4.1.  To precipitate calcite, meteoric waters must be 

oversaturated with respect to the mineral, a state that may be reached by the removal of 

CO2 from the system, driving the equation in the reverse direction (James and Choquette, 

1984).  In the shallow vadose zone, CO2 is removed via evaporation, plant assimilation or 
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degassing of groundwater.  The phreatic zone, however, should have a constant CO2 

content and the groundwater, in theory, should remain saturated with calcite, not 

oversaturated.  This state is not typical of the natural environment as groundwaters are 

typically supersaturated for a variety of reasons, which include complex crystal growth 

kinetics, changes in CO2 content, and inhibition of other ions present in the groundwater 

(James and Choquette, 1984).     

 

4.1.2.4 Mineral Transformation 

 The final diagenetic process discussed here is mineral alteration.  Aragonite and 

high-Mg calcite are both replaced by low-Mg calcite in the meteoric environment (Tucker 

and Wright, 1990).  The replacement of aragonite often occurs at a very fine scale and 

leaves relic fabrics of the original mineral, which is identifiable by petrography.  Less is 

known with respect to the alteration of high-Mg calcite to low-Mg calcite.  Little 

alteration is evident in light-microscope analyses; however, electron microscope 

examination reveals substantial alteration of the original mineral structure (Tucker and 

Wright, 1990).  Mineral transformation is less important in chalks as aragonite and high-

Mg calcite are very minor components of the material.   

Other geochemical changes may occur in the rockmass in the form of strontium 

and magnesium depletion from aragonite and high-Mg calcite, respectively, in addition to 

the enrichment of manganese and iron from meteoric groundwater sources (Tucker and 

Wright, 1990).  Isotopic compositions within the carbonates typically change in the 

meteoric environment and are frequently used in studies of carbonate diagenesis, a topic 

that will be discussed in detail further in this chapter.   
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4.2 SCANNING ELECTRON MICROSCOPY 

 Scanning electron microscopy (SEM) was used in the analysis of a number of 

chalk samples from within the Vimy excavations.  SEM images produce high resolution, 

three-dimensional representations of sample surfaces through the emission of an electron 

beam.  The finely focused electron beam induces a degree of electromagnetic radiation 

within the sample surface, which is subsequently detected and transmitted into an image.  

Very high resolutions are capable with this method, reaching levels of less than 1 nm.   

 The SEM was primarily used to identify and describe alteration or diagenetic 

effects in the chalk that may contribute to material degradation and instability of the 

rockmass.  The following section outlines the results of the SEM analyses with a brief 

description of the fresh unaltered chalk, followed by a discussion of the processes acting 

in the Vimy excavations and their influence on excavations stability.   

 

4.2.1 Fresh Chalk 

 Unaltered, fresh chalk is illustrated in Figure 4.3 and described below: 

 Coccolith plates are largely intact, observable as segmented discs.   

 Porosity is high, emphasized by dark shadows in the images.   

 Constituents are evenly distributed, with few coccolith aggregates.  

These images illustrate pure clean chalk in which little diagenetic alteration has 

occurred.  The samples were collected from within the rockmass, away from permeability 

pathways such as fracture planes or marl seams.   
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4.2.2 Hardground – Marine Cementation 

 A prominent hardground observed in the Grange sapper system was sampled for 

analysis under SEM (Fig. 4.4).  Observations include: 

 Few intact coccolith plates are visible. 

 Calcite crystals are tightly packed, resulting in very low porosity. 

 Photo A contains a large (10 -15 μm) platy calcite crystal, which may be a 

fragment of a larger organism, such as a bivalve.   

SEM observations are consistent with a synsedimentary cementation surface of higher 

density and lower porosity than the surrounding material.   

 

4.2.3 Dissolution 

A sample of chalk putty, reduced to a strength in which a human finger could be 

pushed several centimeters into the wall (pictured in Fig. 3.12 of Section 3.3.1.1 of 

Chapter 3), was examined under SEM and is illustrated in Figure 4.5. Observations 

include: 

 Very few coccolith plates appear whole and intact.   

 Corrosion of a coccolith plate (Photo B) is evidenced by loss of segmented 

structure in the bottom center of the image.   

 Increased porosity, with respect to fresh chalk material, is illustrated as dark 

shadows in the SEM images.  

This chalk putty was sampled in an area of high water flow, opposite a karst 

structure with silt infill, and reflects increased dissolution. 
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4.2.4 Cementation 

Several samples, pictured in Figure 4.6, illustrate post-depositional calcite 

cementation and are described below: 

 Calcite cement is extremely fine-grained with crystal sizes of less than 0.5 μm. 

 Cementation occurs both as inter-granular deposits (Photo A) and as overgrowths 

of the coccolith plates (Photo B). 

 Porosity is considerably decreased in comparison with the fresh chalk. 

 

4.2.5 Cave Precipitates 

 Carbonate precipitates occur along the excavation roof and walls in the form of 

minor stalactites and thin sheets.  Material was sampled and analyzed under SEM, 

illustrated in Figure 4.7: 

 Composite trigonal calcite crystals are represented in Photo A. Larger crystals (50 

– 100 μm) are composed of much smaller sub-crystals (1 μm).  

 Although an elongate mineral morphology is present in Photo B, a trigonal crystal 

termination is apparent. 

 Crystal edges of Photo B are incomplete, and therefore narrower than those of the 

terminal faces. 

Similar crystal morphologies are noted in Jones et al. (2000) and are indicative of 

precipitation in a fresh-water environment.  Little is understood of the precise origin of 

the morphologies found at the Vimy site; however, it is likely that the fluids which 

deposited these precipitates were supersaturated with respect to calcite and that CO2 

degassing triggered the calcite precipitation.   
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4.2.6 Microbes 

 During SEM analyses, the presence of microbial activity was observed.  

Generally, the microbes are identified as filamentous fungi with some occurrences of 

mucus or microbial slime (Brian Jones, pers. comm. September 2007).  Figure 4.8 

illustrates two images in which this biota is present.  Fungi are known to weaken the 

material and increase porosity in carbonate rock masses, in addition to mediating 

dissolution, despite only a minor presence of meteoric fluids (Jones and Pemberton, 

1987).  Figure 4.8A demonstrates a form of filamentous fungi while Figure 4.8B 

represents organic mucus that is typically derived from a variety of fungi.   

 The effect of the fungi observed in SEM on the chalk properties at Vimy is not 

fully understood.  Studies by Jones and Pemberton (1987), however, indicate that fungi 

are capable of promoting dissolution in carbonates with very little water.  More in depth 

investigation into the extent and varieties of fungi at Vimy would be necessary for a 

thorough analysis of their implications for rockmass quality.   
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Intact coccolith plate 

1 μm
A 

1 μmB 

Figure 4.3 – SEM photomicrographs of fresh, unaltered chalk with very pure 
carbonate content.  Both samples are obtained from the O-Sector tunnels, A) 
at roughly 5 m depth, and B) at approximately 20 m depth below surface.   
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A  
1 0 μm 

Bivalve fragment 

1 0 μm B  

Figure 4.4 – SEM images of chalk hardground material sampled from the 
Grange sapper system at a depth below ground surface of 16 m.   
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10 μmA 

Corrosion of coccolith plate 

1  μm B  

Figure 4.5 – SEM photomicrographs of high-porosity chalk putty illustrating 
coccolith corrosion and some fine-scale intergranular re-cementation.  Both 
images come from samples obtained from the Grange sapper system at a 
depth of approximately 20 m.   
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A 1  μm 

1  μm B 

Intergranular cementation 

Figure 4.6 – SEM photomicrographs of well cemented chalk samples.  Photo 
A illustrates intergranular cementation (O-Sector tunnels, 20 m depth),
whereas Photo B demonstrates cement overgrowths (Grange sapper 
approximately 12 m depth).   
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100  μmA 

10  μm B 

Figure 4.7 – SEM photomicrographs of carbonate precipitates that occur as sheet-like 
deposits along the excavation wall.  Photo A – Composite trigonal crystals.  Photo B – 
Elongate crystals with trigonal termination.  Both images are obtained from a sample 
from the Grange Sapper system at a depth of roughly 20 m.  
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10  μm A 

1  μm B 

Figure 4.8 – SEM photomicrographs of microbial activity within the chalk. 
A) Filamentous fungi growing on top of and within calcite crystals. Sample 
obtained from 20 m depth in the O-Sector tunnel system.  
B) Microbial mucus covering calcite crystals.  Sample obtained from roughly 
20 m in the Grange Sapper system.  
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4.3 STABLE ISOTOPES 

 There are approximately 300 stable isotopes and roughly 1200 radioactive 

isotopes of the 92 naturally occurring elements on earth.  A given element is defined by a 

specific number of protons within its nucleus; isotopes of that element have a differing 

number of neutrons within the nucleus, resulting in slight variations in mass and energy 

(Tucker and Wright, 1990).  These variations produce differing chemical and physical 

properties between the isotopes of a given element, which are amplified in elements of 

low atomic number.  Isotopes of lighter mass, or with fewer neutrons, are more reactive 

than the heavier isotope of the same element as a result of their weaker bond strength 

(Tucker and Wright, 1990).  In elements with two isotopes, a process termed fractionation 

is used to describe a change in their respective ratios during a given reaction, such as 

evaporation or precipitation.   

 The stable isotopes of carbon and oxygen are most commonly applied to the study 

of carbonate diagenesis.  Carbon consists of two stable isotopes; 12C with an abundance 

of 98.89% and 13C with an abundance of 1.11%.  The 13C/12C isotope ratio of carbonates 

is generally analyzed as CO2 gas, which is released upon digestion by phosphoric acid 

(Tucker and Wright, 1990).   

Oxygen has three stable isotopes; 16O at a level of 99.763%, 17O comprising 

0.0375% of the total, and finally 18O with an abundance of 0.1995% (Tucker and Wright, 

1990).  18O is an isotope for which an absolute value cannot easily be obtained; however, 

its ratio with respect to 16O can accurately be established.  Similar to carbon isotopes, 

oxygen from carbonates is measured in the form of CO2 gas via digestion by phosphoric 

acid (Tucker and Wright, 1990).   
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Carbon and oxygen isotopic ratios are generally presented with δ-notation in parts 

per thousand.  For example, δ13C represents the ratio of 13C/12C and likewise δ18O 

corresponds to the ratio of 18O/16O.  The Pee Dee Belemnite (PDB) standard is 

conventional for use in carbonate isotope analysis as it represents a δ13C = 0 and δ18O = 0, 

considered representative of most marine carbonates.  Standard Mean Ocean Water 

(SMOW) is also a conventional standard for oxygen isotope use; however, the analyses 

herein will be presented with respect to PDB to remain consistent with δ13C.  To interpret 

the results of isotopic analysis, carbon and oxygen compositions are typically displayed 

on a cross-plot scatter diagram (Fig. 4.9) from which trends in diagenetic alteration can be 

identified (Hudson, 1977).   

 

 

Figure 4.9 – General trends of 
isotopic ratios within varying 
carbonate materials. Modified 
from Hudson (1977). 
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4.3.1 Applications of δ13C and δ18O to Carbonate Diagenesis 

 The carbon isotopic composition of sedimentary rocks is largely influenced by 

photosynthesis.  Organic carbon contains a much lighter isotopic composition, depleted in 

13C, compared to oxidized carbon in the form of carbonate rock (Hudson, 1977).  Some 

fractionation of carbon isotopes does occur within the oxidized carbon system alone, but 

the effects are generally small in comparison to the mixing of organic CO2 with natural 

carbonates.  Processes of dissolution and reprecipitation that occur in the carbonate 

system, without influence of organics, can only result in changes of a few parts per 

thousand in δ13C values, whereas organic influence can produce depletions which are 

magnitudes higher (Hudson, 1977).   

 Soil weathering is a major process that affects the carbon isotopic composition of 

a carbonate.  When soil of organic origin directly overlies marine carbonate bedrock, the 

water that percolates through will promote dissolution in the bedrock near surface, until it 

becomes oversaturated with respect to calcite.  At depth, these oversaturated fluids will 

then precipitate calcite in available pore space.  Hudson (1977) has found that carbonates 

dissolved and reprecipitated from this process will be depleted in 13C, to approximately    

-12 ‰.  

 The oxygen isotopic composition of carbonate is dependent upon the original 

isotopic composition and the temperature of the water from which the carbonate was 

precipitated (Hudson, 1977).  In comparison to sea water, rain water is depleted in 18O; a 

process that is amplified with increasing latitude and altitude.  Groundwater in the near-

surface environment typically has a similar isotopic composition to rain water (Hudson, 

1977).   

 - 115 -



4.4 ISOTOPIC ANALYSES 

 SEM photomicrographs provide excellent qualitative evidence for alteration 

processes acting on the chalk at the Vimy site; however, quantitative data are necessary to 

substantiate the images.  Stable isotope analyses of δ13C and δ 18O were completed on a 

variety of samples showing the alteration processes observed in SEM and discussed 

previously.  The following section outlines the methods and results of this research and 

their implications to the overall project.   

 

4.4.1 Methods 

 All chalk samples gathered in the field were transported and stored in Nalgene 

vials sealed with Para-film wax strips (see Appendix A for a discussion on sample 

collection).  Fourteen samples were oven-dried, ground with mortar and pestle to a fine 

powder and measured to 0.5 mg.  The powder was then digested in phosphoric acid and 

the resulting CO2 vapour was measured for δ13C and δ18O with a Thermo Finningan Delta 

Plus XP Mass Spectrometer using Continuous Flow Technology.  

 

4.4.2 Results 

 Eight of the fourteen samples prepared for analysis were taken from fresh, 

visually unaltered chalk.  Of the remaining samples, one was acquired from a hardground 

surface, one from chalk putty in the tunnel wall, one from a coarse chalk crust on the 

excavation wall and two from the calcite precipitate that was observed along tunnel roof 

and walls (Fig. 4.6).  Table 4.1 illustrates the samples, their descriptions and the resulting 

isotope data. 
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Table 4.1 – A summary of the samples analyzed for stable oxygen and carbon isotopes. 

ID DESCRIPTION   13C (PDB)    18O (PDB) 
033 Hardground horizon in the Grange Subway 1.4 ‰ -1.5 ‰ 
056 Clean chalk in the O-Sector 2.0 ‰ -2.0 ‰ 
059 Chalk near a marl seam in the O-Sector 2.0 ‰ -2.0 ‰ 
066 Clean chalk in the O-Sector 1.5 ‰ -1.9 ‰ 
070 Clean chalk in the O-Sector 2.3 ‰ -2.1 ‰ 
093 Clean chalk in the Goodman Subway 2.1 ‰ -1.7 ‰ 
094 Clean chalk in the Goodman Subway 2.3 ‰ -1.9 ‰ 
100 Clean chalk in the Goodman Subway 2.2 ‰ -2.0 ‰ 
113 Clean chalk in the Goodman Subway 2.3 ‰ -2.2 ‰ 
117 Clean chalk in the Goodman Subway 2.2 ‰ -2.1 ‰ 
034 Chalk reduced to putty in Grange Sapper 1.3 ‰ -1.9 ‰ 
079 Chalk with a coarse crusting in Grange Sapper 0.2 ‰ -2.3 ‰ 

085A Outer side of cave precipitate in Grange Sapper -7.8 ‰ -5.2 ‰ 
085B Under side of cave precipitate in Grange Sapper 0.1 ‰ -2.3 ‰ 

δ δ 

  

A cross-plot of the isotope data is presented in Figure 4.10.  The fresh chalk 

samples lie in the range of typical unaltered chalk from previous studies, as illustrated by 

an ellipse on the graph.  Samples exhibiting moderate levels of cementation, including the 

under side of the cave precipitate and the coarse calcite crust observed in the Grange 

sappers, plot more negative in both δ13C and δ18O.  This trend indicates an increase in the 

degree of meteoric cement within the chalk, with some remaining marine influence.  SEM 

images of these two samples support the slightly more negative isotopic range, as a 

portion of coccolith material is evident within the fine-grained cementation.  The most 

negative data point is that of the outer side of the cave precipitate sampled from the 

Grange sapper, which represents purely meteoric cement.  In this sample, no evidence 

remains of the original chalk material under SEM.   
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The chalk putty, which under SEM shows significant corrosion, plots within the 

unaltered chalk ellipse of Figure 4.10.  Stable isotopic analysis can only detect the 

signature of the varying fluids from which carbonate is precipitated.  In the example of 

pure dissolution, the remaining corroded material retains its original marine composition.  

If no new carbonate is precipitated from the meteoric fluid interaction, no meteoric 

signature is identified.  This indicates that the groundwater interacting with the chalk 

putty is undersaturated with respect to calcium carbonate, in contrast to the oversaturated 

groundwater that precipitates the flowstone in other locations of the Grange system.  A 

more detailed study of the hydrology of the area is necessary to understand the lateral 

variation of these processes as the locations of chalk putty and calcite flowstone are of 

similar depth below ground surface.   

 

4.5 DISCUSSION OF THE ALTERATION PROCESSES AT VIMY 

 The meteoric alteration processes acting on the chalk at the Vimy site include 

dissolution, precipitation and microbial activity.  Of these, dissolution is the most 

influential on the degradation of rockmass quality.  Dissolution has a variety of effects on 

the rockmass, including: 1) intergranular weakening, 2) loss of intact strength, 3) joint 

deterioration and 4) an overall decrease in the confining stress due to relaxation of the 

rockmass following loss of material.  The presence of microbial organisms, while not 

solely responsible for rockmass degradation, may contribute to the degree of dissolution.  

An approximation of the variable degrees of material degradation from the presence of 

microbes and meteoric dissolution is illustrated in Figure 4.11.  
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Figure 4.11 – Hypothetical graph illustrating the varying degrees of rockmass 
degradation contributed via the processes of microbial activity, dissolution within the 
rockmass matrix and dissolution along structural pathways.   
 

Variable levels of alteration were observed in the three different excavation 

systems that were accessed during site investigations.  The least amount of observable 

alteration was noted in the deep O-Sector offensive tunnels.  Conditions in the tunnel 

were very dry and little evidence was present to indicate significant fluid flow.  This may 

be due, in part, to its depth and lack of major structures along which fluid flow can 

concentrate.  In addition, the lithostratigraphy of the O-Sector rockmass is largely 

uniform, pure carbonate.  Few low permeability barriers such as hardgrounds or marl 

seams were observed; therefore, little to no lithologically-controlled fluid concentration 

occurs in the excavation.   

The Grange Subway and its associated sapper system exhibit the greatest variety 

of alteration processes of the three excavations.  No processes were observed in the main 

subway as a result of the scaling of loose rock and installation of reinforcement necessary 

for its public accessibility; however, all three major processes are documented in the 
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sapper system.  Dissolution and precipitation are both seen to a depth of approximately 20 

– 25 m.  This depth is equivalent to that of the O-Sector in which no alteration is 

observed.  Increased fluid flow is identified as the major factor affecting the Grange 

system as a man-made drainage chamber was constructed in the area overlying the 

excavation.  As a result, run-off has been concentrated at the site and increased volumes 

of meteoric water have percolated through the Grange sappers tunnels than the O-Sector 

excavations to the south.  Additionally, more extensive excavations in the Grange area 

were constructed near-surface, above the sapper system.  Consequently, these tunnels also 

contribute to the accelerated infiltration of groundwater into the deeper excavations.  An 

interesting observation is that both dissolution in the form of chalk putty and precipitation 

of freshwater carbonate occur at similar stratigraphic levels in the subsurface of the 

Grange.  Traditionally, dissolution and reprecipitation of calcite is considered to be a top-

down process in which dissolution occurs in the near-surface, waters become 

oversaturated with respect to calcite, and subsequent precipitation occurs in deeper strata.  

However, evidence in the Grange points to a more complex hydrogeology in which these 

processes may vary laterally.  Further studies are necessary to fully understand the 

processes.   

 The condition of the Goodman Subway was the worst of all three excavations 

accessed on site.  Dissolution is the primary process observed in the subway and is 

evidenced by the large number of silt-filled fractures (Fig. 4.12A) and karst features (Fig. 

4.12B) observed during field work.  This dissolution is facilitated by the increased 

fracture frequency observed in the Goodman, providing a variety of permeability 

pathways through which fluid can flow.  The degree of dissolution is also affected by the 
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lithostratigraphy of the Goodman rockmass.  A hardground is located at the floor level of 

the subway, likely a controlling factor of the excavation depth, which has concentrated 

fluid flow and thereby enhanced the dissolution of the rockmass.   

Figure 4.12 – A) Silt-filled fracture 
and B) silt-filled karst structure in the 
Goodman Subway, Vimy.  July 2006.

 
A 

 
B 
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 The Goodman Subway rests at a depth of approximately 8 m below ground 

surface.  Although it rests at similar depth to the Grange Subway, the Grange is protected 

by concrete reinforcements and little evidence is present of alteration processes.  Air 

photographs were analyzed in order to further understand the potential effects of the 

overlying land use on the poor conditions observed in the Goodman Subway.  Figure 4.13 

illustrates a portion of an air photo with the tunnel locations superimposed.   

 

Figure 4.13 – Air 
photograph illustrating the 
locations of the three 
military excavations 
accessed at Vimy in bold. 
Lighter black lines 
illustrate the simplified 
layout of the remaining
network of excavations in 
the surrounding area. 
North is aligned with the 
vertical axis.   

Several interesting observations were made.  A substantial portion of the western 

Goodman Subway is overlain by agricultural land.  Irrigation and fertilization may 

contribute to the increased fluid flow that is responsible for the dissolution and silt inflow 

of the subway rockmass.  The eastern portion of the subway underlies a forested area.  

However, upon closer analysis, a linear feature is present in the forest that directly 

overlies the subway and may represent a track.  Trees along the linear track are taller and 

lighter than the surrounding forest and may therefore represent deciduous species, in 

Goodman 
Subway 

Grange 
Subway 
& sapper 
tunnels 

O-Sector 
Tunnels 
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contrast to the darker coniferous varieties that comprise the rest of the forest.  Deciduous 

trees have deeper root systems and require greater amounts of water than conifers.   

Although further site investigations are required to confirm the theory, it is probable that 

deciduous trees line the track and obtain the greater volumes of water needed for their 

growth in ditches that line the pathway.  The deep root systems of these trees are capable 

of extending to depths of 8 to 10 m, the horizon at which the Goodman Subway is 

located, and may contribute to the increased fracture frequency.  Further evidence for this 

theory was observed during SEM analyses.  A piece of root hair was observed and 

documented in chalk obtained from a ravelling failure in the subway (Fig. 4.14).   

 

 
Figure 4.14 – SEM images of a chalk sample obtained from a raveling failure in the 
Goodman Subway.  Large linear feature at the center of the photographs has been 
interpreted as a fine, root hair (Dr. Brian Jones, personal communication, September 20, 
2007).  

10 μm 10 μm 

  

4.6 CHAPTER SUMMARY 

 Meteoric alteration of the chalk underlying Vimy Ridge is presented as a long-

term geologic control of instability within the excavations.  Processes that take place in 

the meteoric environment include dissolution, cementation and reprecipitation.  Of the 
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three, the most important process contributing to excavation failure is that of dissolution.  

As observed in SEM, dissolution results in the loss of structure of the carbonate 

constituents and an increase in porosity.  Isotopic analysis supports the observation that in 

local areas of increased dissolution, where intact chalk is reduced in strength to a putty-

like material, no reprecipitation occurs.  Variations in hydrology are responsible for both 

processes of pure dissolution and precipitation to be observed at the same depth in the 

subsurface.   

The result of this dissolution is an overall deterioration of the rockmass, 

weakening of the joint surfaces and potential loss of confinement in the overlying strata.  

Although rates of dissolution cannot be calculated for this particular site with the 

available information, it is reasonable to assume this is a long-term process that 

contributes to the delayed failure of the excavations.   

Rates of dissolution vary throughout the site in the three separate excavations 

examined during field work.  Anthropogenic influence on the overlying ground surface 

must be considered as a factor to the increased dissolution and rockmass degradation 

observed in the Goodman Subway.  A combination of excavation depth, lithology, 

structure and fluid flow contribute to the variability.   
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CHAPTER 5 - CONCLUSIONS 
 
5.1 CONCLUSIONS 

 The Canadian National Memorial Site in France was studied to determine the 

stratigraphic correlation to the chalk sequences of the London Paris Basin, to investigate  

the mechanics of, and controlling factors for, delayed instability in WWI excavations that 

underlie the site, and to draw conclusions regarding the processes of weathering and 

material degradation over time. Three phases of research were employed to achieve the 

objective: 1) a stratigraphic study, 2) an engineering geologic assessment and 3) a study 

of weathering and alteration processes within the excavations.   

This research contributes to a larger campaign to understand the mechanisms 

controlling subsidence at the Vimy site, which results from failure in the WWI 

excavations.  Additionally, the research highlights the necessity of a thorough geologic 

assessment prior to the completion of a stability analysis.  The integration of geology to 

engineering works has become increasingly prevalent and has been demonstrated herein.  

One may coin the novel term ‘engineering palaeontology’ for much of the work.   

Three geologic factors influence the instability observed in the WWI excavations 

at the Canadian National Memorial Site: 1) lithology, 2) structure and 3) alteration 

processes.  These factors are broadly categorized into time-independent and time-

dependent variables and the major findings for each are summarized accordingly in the 

following sub-section.  Next, the observations at the Vimy site are discussed with respect 

to their implications to the problem of subsidence.  Finally, recommendations for future 

research, which may contribute to risk mitigation at the Canadian National Memorial Site, 

are presented. 
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5.1.1 Time-Independent Geologic Controls 

Time-independent geologic controls are those that are inherent to the rockmass 

and typically do not vary with time, within recent geologic history.  At the Canadian 

National Memorial Site, chalk lithology and structure are identified as intrinsic influences 

on instability.   

An extensive stratigraphic study was undertaken in order to fully understand the 

effects of lithological variations throughout the chalk succession.  The results of the 

study, as presented in Chapter 2, are summarized below: 

 Stratigraphic subdivision of the chalk is based on a combination of lithological 

variations and biostratigraphy.   

 Lithological variations in the chalk influence the intact properties of the material, 

structural processes and the susceptibility of the rockmass to material degradation.  

 Pure carbonate chalk typically produces an orthogonal fracture set and, as such, 

exhibits blocky beam failure in areas of instability.  In contrast, clay-rich chalk 

produces conjugate fracture patterns and more frequently results in ravelling 

failure and large-scale dissolution pipes.  Other features include hardgrounds and 

other impermeable layers, which have increased intact strength and are capable of 

concentrating fluid flow, thereby promoting and focusing dissolution processes.   

 Lithostratigraphy at the Vimy site varies among the three excavations (Goodman 

Subway, Grange Sapper System and O-Sector Tunnels) and can result in 

remarkably different geologic conditions.  The WWI excavations at the Vimy site 

are stratigraphically positioned in the Lewes Nodular Chalk and the Seaford Chalk 
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Formations of the upper Turonian to mid-Coniacian stages of the Cretaceous.  The 

Lewes Nodular Chalk Formation, identified in the Grange Subway, is oldest and 

typically exhibits higher clay content and increased bioturbation.  The Seaford 

Chalk Formation, observed in the O-Sector offensive tunnels, is younger and is 

composed of relatively pure carbonate.   

 Stratigraphic positioning of the Goodman Subway proved inconclusive as a 

significant vertical section is not available to complete the study.  However, its 

location is estimated to be within the Lewes Nodular Chalk Formation as it 

exhibits significant inclined structure, typical of the clay-rich material. 

 

Structural mapping and engineering geologic classification of the material were 

necessary to understand the failure mechanisms within the excavations.  The following 

summary presents the findings of the structural study, as described in Chapter 3:  

 Structure was mapped within the Vimy excavations, and the resulting stereonets 

illustrate primarily orthogonal joint sets.  A few sets of conjugate fractures were 

identified from the mapping dataset but were observed to have a disproportionate 

impact on instability when present.   

 Due to the limited extent and size of the excavations, serious bias exists in the 

structural data and a thorough structural exercise was not possible.  While 

orthogonal sets were well defined in the O-Sector with minimal variability, the 

Goodman Subway dataset contained more inclined joint features. The presence of 

these features correlates with reduced rockmass conditions and greater instability. 
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 Three structurally controlled failure modes are observed in the excavations: 1) 

beam failure, 2) ravelling and 3) dissolution pipes.  Beam failure results from loss 

of confinement in the roof strata, which initiates block fall-out and is typical of 

orthogonally jointed rockmasses (i.e., O-Sector tunnel).  Ravelling is the upward 

propagation of failure in the roof, until a stable pressure arch is achieved.  This 

failure is typical of rockmasses with closely spaced inclined joint sets (i.e., 

Goodman Subway).  Finally, dissolution pipes are formed along the intersection 

lineations of conjugate fractures, and enable the overlying Paleocene sediments to 

flow into the excavation, as observed in the Goodman Subway.    

 Rockmass quality (GSI, RMR), lamination thickness, and excavation span are 

identified as major structural influences on the stability of the Vimy excavations.  

The stability of laminated roof strata is reduced due to effective relaxation as a 

result of distributed dissolution of joint wall material in the vertical or inclined 

joint sets. 

 

5.1.2 Time-Dependent Geologic Controls 

 Chalk alteration in the meteoric environment is categorized as a time-dependent 

geologic control at the Vimy site as it varies with time within recent geologic history.  It 

is this control that is responsible for the delayed failure observed in the Vimy 

excavations.  SEM imaging and stable isotope analyses were employed to characterize 

these processes.  The results, as presented in Chapter 4, are summarized as follows: 

 SEM imaging provides qualitative evidence for the alteration processes occurring 

within the chalk at the Vimy site.  Based on these analyses, diagenetic processes 
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include: 1) syn-depositional marine cementation (hardgrounds), 2) dissolution, 3) 

inter-granular cementation from meteoric waters and 4) full reprecipitation from 

meteoric groundwater.   

 Dissolution is identified as the meteoric process that controls material degradation 

in the chalk.  The effects of dissolution on the chalk include loss of intact strength, 

weakening of joint surfaces and an overall loss of confinement in the rockmass.   

 Isotopic analyses were completed as a quantitative complement to SEM imaging.  

Stable isotopes δ13C and δ18O were measured and compared in a cross-plot.   

Fresh chalk samples from the Vimy excavations lie in the empirical range of 

typical unaltered chalk.  Those samples exhibiting inter-granular meteoric 

cementation are increasingly negative in both δ13C and δ18O, following the trend 

of meteoric precipitation.  Finally, the cave precipitates, which demonstrate no 

remnants of marine chalk are most negative in both isotopes.   

 A sample of chalk putty, which exhibits significant dissolution, as seen in SEM, 

plots in the empirical range of typical unaltered chalk.  Stable isotopic analyses 

only reflect the fluid from which a material is precipitated.  This indicates that 

pure dissolution is occurring in the locality of the chalk putty and no 

recementation is taking place.  Therefore, the groundwater that is percolating 

through the chalk at this locality is undersaturated with respect to calcite.   

 Separate samples exhibiting pure dissolution and meteoric precipitation, 

respectively, were obtained in the Grange sapper system in different lateral 

positions but at similar depths.  This indicates a complex hydrology in which 

undersaturation and subsequent oversaturation of groundwater with respect to 

 - 131 -



calcite is not a simple top-down process.  Anthropogenic influence in the form of 

a drainage system overlying the excavations is identified as the probable cause of 

these variable processes.   

 The Goodman Subway, the shallowest of excavations investigated, exhibits the 

worst geologic conditions with respect to dissolution processes.  Silt filled 

fractures and karst structures are common and are frequently associated with the 

ravelling failures observed in the excavation.  The shallow depth of the 

excavation, as well as the overlying agricultural land use, is identified as a cause 

of the increased fluid flow and material degradation. 

 The O-Sector, the deepest of excavations investigated on-site, exhibits little to no 

alteration processes or fluid flow.  A combination of depth, lack of structure, and 

little overlying anthropogenic influence is considered responsible for the intact 

nature of the material.   

 

5.2 IMPLICATIONS FOR SUBSIDENCE 

 This research contributes to an overall campaign to understand the origin of 

subsidence events at the Canadian National Memorial Site at Vimy.  As such, it is 

necessary to address the implications of failure modes in the underlying excavations to 

the potential for subsidence. 

  The propagation of failure in an excavation upwards to the ground surface results 

in the depression of the overburden.  Therefore, the probability of the identified failures 

(raveling, beam failure and dissolution pipes) extending to the ground surface and initiate 

subsidence is discussed. 
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 Beam failure and ravelling are the result of loss of confinement in the rockmass, 

which initiates block detachment from the roof beam.  The resulting block fall-out has a 

bulking factor, which means the volume of material increases upon failure.  

Consequently, the subterranean voids may infill before complete propagation to the 

surface.  The smaller and deeper the excavation, the less likely it is to affect the ground 

surface.  Therefore, although the Grange and O-Sector tunnels offered opportunities for 

excellent observation of the rockmass quality and structure, they are of little threat for 

initiating subsidence events due to their limited size and significant depth.  However, the 

failure modes observed in these excavations may be mechanisms in larger excavations 

that potentially underlie the site.  The occurrence of ravelling and beam failure in these 

voids, should they be of sufficient size, may result in large-scale subsidence events.  

 Dissolution pipes are the most probable failure mode to contribute to localized 

subsidence events, as the resulting earth inflow is directly connected to the overlying 

sediments.  When enough material is dissolved out of the chalk rockmass, the overlying 

Paleocene cover can flow into the void, thereby removing material from the overburden 

and inducing a depression in the ground surface.  However, the only dissolution pipes 

observed on site had diameters of approximately 2 – 3 m and would likely only result in 

minor sinkhole events.   

 

5.3 RECOMMENDATIONS  

 The following, and final, section of the dissertation encompasses 

recommendations both for the site and for future research that are based on the 

aforementioned findings. 
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5.3.1 Recommendations for the Canadian National Memorial Site 

 The overall findings of this research indicate that the small excavations in which 

site investigations were completed are of little threat to the problem of subsidence on site, 

because of their limited size and significant depth.  However, the research does indicate 

that, should these failure mechanisms occur within excavations of larger size and 

sufficiently shallow depth, significant subsidence may occur.  It is therefore 

recommended that historic research is continued with respect to the accurate positioning 

of large dwelling chambers, as failure within these excavations poses the most hazard to 

the public.   

 Continual maintenance of the subsidence database, which documents the 

locations, extent and temporal changes in subsidence events, is recommended.  Analyses 

of these data can lead to further understanding of the subsidence process and rate, and 

therefore can contribute to the detection of subterranean excavations, and possibly to the 

pro-active identification of potential, future subsidence zones.   

 

5.3.2 Recommendations for Future Studies 

 Two future studies are recommended to progress from this research project.  The 

first, a hydrologic study to understand fluid flow at the site, assumes liberal access, which 

may be challenging due to the presence of unexploded ordinance throughout the park.  

The second, however, recommends the application of this research to numerical 

simulation in an effort to better understand the processes that are affecting the stability of 

the Vimy excavations and can be directed remotely.   
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5.3.2.1   Hydrogeological Study 

 As introduced in Chapter 4, a hydrogeological study of the Canadian National 

Memorial Site would be beneficial to understanding fluid flow and the influence of 

dissolution on excavation instability.  Specifically, measurements of groundwater 

temperature and pH, percolation rates, surface concentration factors and carbonate 

solubility are necessary to calculate dissolution rates in the near-surface of the Vimy site.  

A better understanding of dissolution rates in distributed joints can be applied to the 

Voussoir analysis of Diederichs and Kaiser (1999) to provide more accurate assessment 

of the effects of material removal on maximum stable excavation spans.  In addition, 

accurate dissolution rates may contribute to the estimated time of formation of large-scale 

dissolution pipes.  It should be noted, however, that this study would require significant 

access to the site, which may prove challenging as much of the park is inaccessible.   

 

5.3.2.2   Numerical Simulation 

 Further research is necessary to fully understand the inter-relationships of 

geology, hydrology, excavation geometry and subsidence at the Canadian National 

Memorial Site.  However, the limited access and historic sensitivity of the site must be 

considered.  Typical geologic investigation tools such as drill cores and extensive ground 

mapping are challenging in many areas of the park.  As such, numerical simulation is an 

ideal method of furthering the understanding of the geologic influences on subsidence.   

As indicated in Chapter 5, this project contributes to the engineering geologic 

classification of the chalk on site and therefore provides confirmation and further 

refinement of the input parameters, such as GSI and RMR, for numerical model 
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simulation of excavation failure (such as that conducted by Hutchinson and Diederichs, 

2008).  It is recommended that these findings be used in sophisticated modeling programs 

such as 3DEC (Itasca Consulting Group), a 3-dimensional discrete element code in which 

detailed rockmass properties and structural geometry can be considered.  This may further 

develop understanding of the relationships between rockmass quality and structure at the 

Vimy site and ultimately lead to more accurate stability predictions for excavations of 

variable dimensions and depths.   



APPENDIX A – SAMPLING PROCEDURES 
 
 
 Sampling of the chalk encompassed a large portion of the field work for this 

research project.  The following appendix presents the methods of sample collection, a 

database of all samples, the limitations encountered during field work and the justification 

for testing of specific specimens.   

 

SAMPLE COLLECTION 

 Chalk samples were collected by two methods; hand samples and small drill 

cores.  Hand samples were typically obtained by collecting loose blocks or by extraction 

with a rock hammer. Drill cores were acquired using a 24V Bosch cordless hand-drill 

with core-bit attachments.  Two core diameters, 1.5 inches and 2 inches, were used.  

Shipment methods involved storing of the samples in Ziploc bags and Nalgene cylinders 

with Parafilm wax seals, for hand samples and drill cores, respectively.  The samples 

were then enveloped in bubble wrap and tightly packed in small coolers for shipment 

from Europe to Canada.   

 In total, 122 chalk samples were collected and shipped to the university.  Methods 

applied to the samples involved UCS tests, thin section descriptions, SEM imaging, and 

stable isotope analyses.  Table A1 gives a database of the samples collected (in 

chronological order) and includes their location, type ([T] or [S] for tube or hand sample), 

a brief description, and a record of the tests completed for each.   
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LIMITATIONS OF SAMPLING 
 
 Several challenges were encountered during sampling; however, the most 

restricting limitation was that of historical preservation of the Vimy site.  The 

subterranean tunnel network underlying the Canadian National Memorial Site represents 

a major portion of the remaining, well-preserved WWI battlefields.  As such, great care 

was taken when completing field investigations within these excavations.  Significant 

war-time graffiti remains on the tunnel walls, and represents the harrowing hours that 

many soldiers had to spend there, awaiting deployment to battle.   

 To limit the foot-print left in the excavations, while maximizing the data 

collection, no rock hammers were used in the tunnels.  Instead, sampling was limited to 

the collection of blocks that had already fallen from the wall or roof and to drilling of 

small diameter, short pieces of core.  Small-scale coring, with the use of a cordless hand-

held drill, created the least damage on the excavation walls, while providing chalk 

samples that extend several centimeters into the rock face.  Consequently, samples were 

kept to a minimal size and therefore strength testing, which requires specimens of 

significant size, was only completed on a small suite of the Vimy chalk samples.   

 

JUSTIFICATION OF SAMPLE TESTING 

 UCS testing was completed on all samples that were of adequate size to drill out 

material.  The smallest core bit in the Queen’s Mining Department for this purpose was 2 

inches in diameter and was used as the size limit.  Seven samples from the field 

campaign, only three of which were from the excavations, were tested.  Additional 

strength testing was completed on chalk that was collected during the earlier field work of 
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Dr. Jean Hutchinson.  In total, because some samples provided more than one test 

cylinder, seventeen strength tests were completed during this research. 

 Thin section descriptions were carried out for twenty-five chalk samples for the 

purpose of characterizing the material.  The samples were chosen to represent differing 

conditions and lithological variations.  Samples were typically classified as foram or 

echinoderm wackestones1 and as sparse to packed biomicrites.   

 Scanning electron microscopy (SEM) was used for the imaging of twenty-two 

chalk samples.  Specimens were only chosen from those collected in the Vimy 

excavations, in order to characterize the specific processes that occur on site.  These 

samples were chosen to represent the most varied conditions, including fresh chalk, 

coarse cemented chalk, hardground material and weathered chalk.  Small fragments of the 

samples, approximately 3-5 mm in diameter, were glued on to SEM mounts using clear 

modeling glue for adequate adhesion.  The specimens were subsequently coated in gold, 

using a sputter coater, sometimes up to three times in order to minimize charging.  In very 

fine-grained, porous material, charging (much like static electricity) can obscure the 

image obtained in the SEM.  Trial runs using carbon coating were attempted; however, 

this technique proved to be insufficient to reduce the charging, rendering unfocussed, 

fuzzy images.   

 Isotopic analyses were the final testing method applied to the chalk samples.  

Fourteen samples were chosen from the SEM imaging to undergo stable isotopic 

analyses.  These were chosen to represent the variety of alteration processes observed 

under SEM, as presented in Chapter 4.   
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