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ABSTRACT 

 

Variable deposits known to make up the sequence of the Harwich Formation in London have 

been the subject of ongoing uncertainty within the engineering industry. Current 

stratigraphical subdivisions do not account for the systematic recognition of individual 

members in unexposed ground where recovered material is usually disturbed - fines are 

flushed out during the drilling process and loose materials are often lost or mixed with the 

surrounding layers.  

Most engineering problems associated with the Harwich Formation deposits are down to their 

unconsolidated nature and irregular cementation within layers. The consequent engineering 

hazards are commonly reflected in high permeability, raised groundwater pressures, ground 

settlements - when found near the surface and poor stability - when exposed during 

excavations or tunnelling operations. This frequently leads to sudden design changes or 

requires contingency measures during construction. All of these can result in damaged 

equipment, slow progress, and unforeseen costs. 

This research proposes a facies-based approach where the lithological facies assigned were 

identified based on reinterpretation of available borehole data from various ground 

investigations in London, supported by visual inspection of deposits in-situ and a selection of 

laboratory testing including Particle Size Distribution, Optical and Scanning Electron 

Microscopy and X-ray Diffraction analyses.  

Two ground models were developed as a result: 1st a 3D geological model (MOVE model) of 

the stratigraphy found within the study area that explores the influence of local structural 

processes controlling/affecting these sediments pre-, syn- and post- deposition and 2nd a 

sequence stratigraphic model (Dionisos Flow model) unveiling stratal geometries of facies at 

various stages of accretion. The models present a series of sediment distribution maps, 

localised 3D views and cross-sections that aim to provide a novel approach to assist the 

geotechnical industry in predicting the likely distribution of the Harwich Formation deposits, 

decreasing the engineering risks associated with this stratum. 
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CHAPTER 1  

1. INTRODUCTION 

1.1 BACKGROUND/GEOLOGICAL CONTEXT 

The Harwich Formation represents a relatively thin but complex set of sediments commonly 

identified as originating from marginal-marine to marine environments. Usually found resting 

between Lambeth Group and the base of the London Clay Formation, the Harwich Formation 

lithology displays a full spectrum of particle sizes. The extent of the Harwich Formation follows 

the outline marked by the complete Paleogene succession that defines the boundaries of the 

London Basin. Figure 1.1 shows the bedrock geology of the London Basin as mapped by the 

British Geological Survey (BGS) at 1:625 000 (Thames Group (THAM) as a whole, in purple) and 

1:50 000 scales (where the Harwich Formation (HWH) is marked in pink). 

The position of the Harwich Formation within the stratigraphy of London has been increasingly 

important since its lithological recognition by Prestwich in 1850, followed by its official 

acknowledgement in the literature in Ellison et al. in 1994. Yet after 150 years of research the 

Harwich Formation remains poorly understood. There is no agreement about stratigraphical 

subdivisions or relationships between members, or even the origins of the Harwich Formation 

itself, in part due to a lack of available borehole data and the scarcity of exposures, which are 

mostly located outside the London area. The past 20 years of site investigation projects have 

identified a considerable number of engineering risks related to its mixed sediments, 

highlighting the need to revise their lithological properties within this region. The high sand 

and gravel content is often reflected in high groundwater pressures and poor stability when 

saturated (Skipper & Edgar, 2020) which, along with patchy preservation and local 

cementation, add to the list of challenges posed by the Harwich Formation. Recent advances 

in research on the London Basin have led to a better understanding of its geological origins and 

structural controls (Ellison et al., 1994, Royse et al., 2012, Morgan et al., 2020). However, 

certain aspects of these models remain uncertain and can only be fully understood by 

deciphering the Harwich Formation. 
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Figure 1.1. Bedrock geology identified within the London Basin – top map (1:625 000) and the research 
area – bottom map (1:50 000). Screenshots based upon Geology of Britain viewer, with the permission 
of the British Geological Survey ©UKRI 2021. All rights Reserved. 

 

1.2 RESEARCH AIMS AND OBJECTIVES 

This research aims are to identify and interpret the processes controlling the deposition of the 

varied sediments that make up the Harwich Formation in London and to establish a new 

stratigraphical framework for the formation in this area. 

The specific objectives are to:  

• characterise sedimentary structures and facies, both their distribution and 

architecture, within the Harwich Formation deposits; 
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• investigate the relationship between facies and their boundaries; 

• examine occurrences of highly problematic cemented concretions and nodules; 

• understand the origins of the formation by reconstructing the morphology and 

processes of deposition and sediment accumulation; 

• determine paleo-sediment transport patterns; 

• assess the cementation process and its relationship with tectonic regime; 

• investigate mechanisms of faulting and cementation; 

• create a 3D structural and stratigraphical model of the formation within the London 

district complemented by facies analysis; and 

• support the industry by providing guidance for predicting engineering risks associated 

with the Harwich Formation through the development of an integrated ground model. 

1.3 THESIS STRUCTURE 

The thesis has seven chapters, the contents of which are briefly described below. 

• Chapter 1: INTRODUCTION focuses on introducing the background to the research; 

it identifies the aims and objectives of the project and explains the thesis structure.  

• Chapter 2: LITERATURE REVIEW presents the stratigraphic development of the 

Harwich Formation deposits within the London Basin, and correlations with 

associated deposits recorded outside London including East Anglia, the Hampshire 

Basin, and coeval deposits found in Europe and the North Sea. It further provides 

an overview from the perspective of palaeoclimate, tectonic activity, and sediment 

sources, and explores depositional environments of clastic coasts, transgressive 

systems, and cementation within shallow marine deposits.  

• Chapter 3: CASE STUDIES – published and unpublished case study accounts of 

engineering problems posed by the Harwich Formation sediments are presented.  

• Chapter 4: METHODOLOGY gives an overview of the techniques and test procedures 

used in the field and laboratory: field logging; Particle Size Distribution testing; 

Optical and Scanning Electron Microscopy (SEM); and X-ray Diffraction analysis 

(XRD). The chapter explains the process of 3D model building using MOVE 

(Petroleum Experts Ltd software) and reconstruction of sediment architecture 

within the study area created with Dionisos Flow (Beicip-Franlab Software). 
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• Chapter 5 focuses on IN-SITU OBSERVATION AND EXPERIMENTAL RESULTS followed 

by discussion of their outcomes. The chapter provides descriptions and 

interpretations of deposits exposed in the field and within Thames Tideway Tunnel 

shafts, and those recovered from boreholes during site investigations. The chapter 

also details cemented concretions recorded to date, specifying their strength, types, 

shapes, and sizes.  

• Chapter 6 details the results of MODELLING. Two programs are used for the 

development of 3D geological and sequence stratigraphic models: MOVE 

(Petroleum Experts Ltd) and Dionisos Flow (Beicip-Franlab) respectively. The models 

created are discussed, highlighting their integrity and relevance for the multi-

disciplinary approach used in this project. The chapter also maps out the locations 

of cemented concretions and their relationship with faults in London.  

• Chapter 7 provides a full set of CONCLUSIONS from this project and 

recommendations for further research.
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CHAPTER 2  

2. LITERATURE REVIEW 

The Harwich Formation represents a set of marginal- to fully marine sediments which form the 

base of the Thames Group, resting between the Lambeth Group and the London Clay Formation. 

Contact with underlying sediments varies regionally but is usually marked by a sharp erosive 

boundary with sometimes extensive down-cutting; onshore (North East Kent: Shelford, Herne 

Bay), penetrating the full sequence of the Lambeth Group (also recorded to rest directly on top of 

the Chalk – in the North Downs area (Stamp, 1920)), and offshore (Southern North Sea subcrop) 

also reaching as far as the Chalk (Knox, 1996). The upper boundary is usually not that well 

developed within London basin however outside this area it is marked by an erosive pebbly horizon 

(King, 1981). The complexity of the Harwich Formation is driven by varied deposits that do not 

reliably adhere to Walther’s law, which states that facies occurring in a conformable vertical 

sequence were formed in laterally adjacent environments, and therefore facies in vertical contact 

must be the product of geographically neighbouring environments (Middleton, 1973). 

Historically the Harwich Formation has therefore proved unpredictable and challenging for the 

engineering industry. In recent years, a series of major construction projects in London highlighted 

its lithological variability and potential to pose significant engineering problems, particularly for 

tunnelling, piling and underground construction. It is the variety of conditions in which the 

sediments were laid down, from transport to erosion and reworking, that makes them so complex. 

According to the 2017 Glossop medallist Dr J. Skipper, engineering itself represents a type of 

assault on the ground, and variable sediments respond unpredictably, leading to a wide range of 

potential hazards. Understanding why the ground is variable leads to a better understanding of 

this response, allowing improved prediction and management of risks (Skipper, 2017, 18th Glossop 

Lecture). Through its complexity the Harwich Formation is recognised as an important bridge 

between the Lambeth Group and the London Clay Formation, but many aspects of its geological 

history remain unexplained. 
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2.1 THE HARWICH FORMATION – RECOGNITION AND STRATIGRAPHIC 

DEVELOPMENT WITHIN THE LONDON BASIN 

The ‘Harwich Formation’, named after the port of Harwich in Essex, was officially introduced by 

Ellison et al. (1994) who grouped together sediments lying between the London Clay Formation 

and the Lambeth Group. The sediments contained within the Harwich Formation vary regionally, 

but within the area of this research study (see Figure 2.1) it is understood to represent dominantly 

proximal facies, deposited in a shallow shelf environment with slow sedimentation, interrupted by 

periodic storm-generated wave activity (Ellison et al., 1994). 

 

Figure 2.1. Project area – London, United Kingdom (base map: Ordnance Survey Data © Crown copyright/ 
database right, 2016. An Ordnance Survey/EDINA supplied service). 

 

This complex set of facies resting between the London Clay Formation and the Lambeth Group was 

first differentiated by Prestwich (Prestwich, 1850), who recognised and addressed the problem of 

their varied character. His research defined three major depositional sequences including: the 

Thanet Sand Formation, the Woolwich and Reading Beds and the London Clay Formation in which 

‘the Harwich Formation’ was recognised but included as the Basement Bed of the London Clay 

Formation. Prestwich (1850) was uncertain whether the whole of these series belong to one and 

the same group; he noted that the sediments occupy this space in geological time in an irregular 

manner, and vary in thickness, mineral character, and fauna, and without determinable order. He 
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also shared his opinion on the possible origin of the deposits ‘his’ Basement Bed may have been 

derived from – putting it down to erosion and general sea action on the pre-existing and underlying 

beds. 

Whitaker (1866) proposed separating the sands and pebbles of the Basement Bed into the newly 

distinguished Oldhaven Beds (Figure 2.2) in which he recognised the consistency of Blackheath 

pebbles but included it within Oldhaven Beds. He was one of the first people to recognise the 

irregular occurrence of the deposits in isolated patches and the uncertainty in their origin.  

 

 

Figure 2.2. History of stratigraphical division in London Basin area. 

 

Stamp (1920) noted that the horizontal distribution of the Blackheath Beds corresponds almost 

exactly with that of the Woolwich Shelly Clays. However, the less extensive Woolwich clays are 

usually succeeded directly by the Blackheath Beds, sometimes with a layer of striped loams in 

between, proving that the two are not of the same age. Stamp also pointed out that there is always 

a well-defined ravinement between the units, which can only be explained by a pre-Oldhaven 

(Blackheath) erosion of the underlying beds. He also noted the difficulty in separating Blackheath 

Beds from the overlying pebbly base of the Basement Bed. His stratigraphical and paleontological 

analysis provided a detailed overview of transgressive-regressive units within the London Basin 
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and led to the conclusion that the Oldhaven (Blackheath) Beds mark the opening phase of the 

Ypresian (the deposition of the London Clay Formation). 

The sequence remained unchanged until the 1980s, when a review of the stratigraphy of the 

London Clay Formation and associated deposits was published by King in 1981. King’s new 

definition of the London Clay Formation included argillaceous sediments overlying the Oldhaven 

Beds, amongst which the Harwich Member and the Swanscombe Member were distinguished 

from what was previously known as the London Clay Basement Bed (see Figure 2.2). 

King’s (1981) study helped to differentiate two distinct stratigraphical units deposited between the 

Woolwich Beds and the London Clay Formation. He recognised that both the Blackheath and 

Oldhaven Beds were distinct and superimposed units. The upper unit, the Oldhaven Beds, rests 

unconformably on a variable set of deposits containing brackish fauna comparable with the 

Blackheath Beds (the lower unit). Formerly, the Blackheath Beds were thought to represent either 

lateral facies of sandy deposits of the Lambeth Group, or a lateral equivalent of the Oldhaven Beds 

(Ward, 1972). According to Ellison (1983) these two units are not sequential but laterally linked 

fluvial deposits. Finally, sediments were grouped together and introduced as Harwich Formation 

(Ellison et al., 1994). The new term was later disputed by Ward (1995) who reasoned that the fact 

that such varied sediments are of equal age is not sufficient supporting evidence to include them 

within the same formation.   

Jolley (1996) based his stratigraphy on palynofloral association sequences where each sequence 

contains palynofloras deposited in sediments of equivalent age which, by definition, should closely 

follow depositional units. His quantitative study identified two major depositional sequences and 

seven parasequences (minor flooding surfaces), related to separate periods of rising sea level 

between 54.5 – 54 Ma and enabled correlation of occurrences of the Harwich Formation 

throughout the London Basin. Following Jolley’s biostratigraphical study, Knox (1996) presented 

his view on sequence development within the Harwich Formation, highlighting the lateral 

variability of sediments involved and lack of distinctive markers within the units. 

Research of Early Eocene Mammals carried out by Hooker (2010) at Abbey Wood provided 

substantial support for the enhanced position of Blackheath Beds within the London Sequence. 

Hooker (2010) maintains that based on their sharp, erosive contact with the underlying sediments 

of the Woolwich Formation, and their lithological differences, Blackheath Beds are evidently 
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unrelated to the strata below. As a result, he formally defined Blackheath as a Formation by 

maintaining that Blackheath Beds stand as a distinct lithological unit, which is readily mappable 

and has been recognised on geological maps and historical logs (Hooker, 2010). 

In contrast, the British Geological Survey (BGS) does not recognise the Blackheath Member as a 

formation because it is not mappable as such, either at the surface or in the subsurface, other than 

in its inverse correlation with other members of the Harwich Formation (Aldiss, 2012).   

King’s (2016) revised correlation provided new insights into the relationship between the Tilehurst 

Member, Oldhaven Member and Swanscombe Member, detailing their faunal and lithological 

differences as indication of their stratigraphical identity (Skipper & Edgar, 2020). With regards to 

the origin of the Blackheath Member, King provided additional evidence on reworking from 

Woolwich Formation sediments and confirmed his support to upgrade this member to the 

‘formation’ status.  

2.2 THE HARWICH FORMATION – REGIONAL CONTEXT AND CORRELATION 

WITH SURROUNDING AREAS – LONDON, UNITED KINGDOM, NORTH SEA 

AND EUROPE 

LONDON BASIN 

Current BGS classification divides the Harwich Formation in the London area into three members: 

Blackheath, Oldhaven and Swanscombe (see Figure 2.2).  

The Harwich Formation is widely but impersistently present in London and comprises four 

members (Figure 2.3). Not all members are necessarily present in any particular location at the 

same time (King, 1981 and 2016), but when all are present, they are following the order below: 

• Swanscombe (youngest) 

• Tilehurst 

• Oldhaven  

• Blackheath (oldest) 
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Figure 2.3. Harwich Formation by member and their characteristics based on King, 1981 and 2016 (Edgar 
et al. 2021). 

 

SWANSCOMBE MEMBER 

The Swanscombe Member is the youngest Harwich Formation Member. It is often thin (<0.5 m – 

1 m) and is superficially similar in appearance to the London Clay Formation above. However, it is 

more intensely glauconitic, usually a sandy silty clay to clayey silt. It often contains dispersed shells 

or thin shell horizons (which according to King (1981) are very rarely present in the lowest overlying 

London Clay unit, Division A2), and can contain calcareous concretions (typically absent from 

London Clay Division A2, which is largely free of calcareous material). It may be locally gravelly (fine 

to medium rounded black flint gravel) at the base. The approximate distribution of the 

Swanscombe Member in London is shown in Figure 2.4. It is considered to have been deposited in 

a marine (mid to inner shelf) depositional environment (King, 2016). This is a deeper, lower energy 

environment than the Oldhaven or Blackheath, and is a correspondingly finer sediment (Skipper & 

Edgar, 2020). 
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Figure 2.4. Spatial zonation and distribution of the Swanscombe and Tilehurst Members in London based 
on data from King (2016) first published in Skipper and Edgar (2020). The extent of the Tilehurst Member is 
uncertain. For the Swanscombe Member the dashed lines represent isopachytes: 0.5 m and 1 m. Base map 
contains Ordnance Survey data © Crown copyright/database right [CC BY-SA 3.0], 2010 (Edgar et al., 
2021). 

 

TILEHURST MEMBER 

The Tilehurst Member (Figure 2.4) is up to 7m thick, it is commonly found in West and North-West 

London (no distribution map has been published). It overlies the Lambeth Group - Reading 

Formation with a sharp and slightly erosional base, and usually has an interburrowed contact (King, 

2016). It is represented by bioturbated glauconitic silt, sandy silt and sandy clayey silt, with thin 

laminations of sand. Shell-rich layers and lenses are often cemented to form calcareous shelly 

sandstone (King, 2016). The base is usually marked by dispersed flint gravels, but these are also 

noted at higher levels. The unit is often linked with Oldhaven Member as both units share similar 

lithology and fauna (King & Curry, 1992). Amongst others, Prestwich (1850) and Stamp (1921) 

considered them as lateral facies of the same stratigraphic unit but their geographical separation 

and important faunal differences disregard their direct correlation in the view of King, 2016.  
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OLDHAVEN MEMBER 

The Oldhaven Member is generally between <1 m to c. 4 m thick and consists of fine silty 

glauconitic sand with common shell debris and dispersed well-rounded flint gravels, mainly at the 

base. It typically occurs in the North East of London and in Essex however, the isolated patches of 

Oldhaven have also been recorded in central London (Figure 2.5). Its depositional environment is 

shallow to marginal marine (King, 2016). 

 

Figure 2.5. Distribution of Oldhaven and Blackheath Members in London District area based on King, 1981 
and 2016 (Skipper & Edgar, 2020). Base map contains Ordnance Survey data © Crown copyright/database 
right [CC BY-SA 3.0], 2010 (Edgar et al., 2021). 

 

BLACKHEATH MEMBER 

The Blackheath Member is between <1 m to 5 m thick (occasionally >10 m).  It is commonly 

represented by fine-coarse well-rounded sandy gravel and gravelly sand (commonly non-

glauconitic but may contain reworked glauconite locally) with occasional silt or clay laminae and 

common beds or lenses of sandy gravel (gravel fine to coarse of black rounded flint gravel). Shelly 

fauna is common, especially in the basal 1 m. It is mostly found in South East London with some 

occurrences considered to form channels (King, 2016) in South West London (Figure 2.5). The key 
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characteristic feature of the Blackheath pebbles is the presence of white spots - also known as 

pock marks and/or chatter marks - which are up to 5 mm in diameter and which are thought to be 

formed by pressure contact between the pebbles, possibly during sub-aerial exposure (Clements, 

2012). The Blackheath Member is considered to be outer estuarine to marginal marine in 

depositional environment (King, 2016). 

The outline of the Harwich Formation and its correlated deposits extends beyond the borders of 

the London Basin with sediments recorded in the Hampshire Basin, East Anglia, the southern North 

Sea subcrop and further into Europe (France, Belgium, Denmark and Netherlands) (see summary 

Figure 2.6). 
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Figure 2.6. The Harwich Formation in Britain and coeval deposits of neighbouring areas: Southern North Sea subcrop and Europe (France, Belgium, Denmark 
and Netherlands) based on King (2016). 
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HAMPSHIRE BASIN 

TILEHURST AND KIMBRIDGE MEMBER 

The Tilehurst Member of the Hampshire Basin in places reaches 6.5 m in thickness. Lithologically 

similar to its equivalent in the London area, it is represented here by highly glauconitic fine silty 

sands and sandy silts with basal gravelly horizon (well-rounded flint) and occasional shelly 

sandstone concretions. The characteristic faunal representative of this unit is serpulid Ditrupa 

(Gamble, 1972; King, 2016).  

The second member recognised in Hampshire area by King (2016) is Kimbridge Member 

(considered here as a lateral equivalent of Blackheath Member – Figure 2.6). The unit consists of 

cross-bedded medium to coarse sand with gravel beds and lenses mainly of rounded flint. 

Bioturbation and clay drapes (low-permeability, thin, irregularly shaped layers) are locally noted. 

The basal contact is erosional and often deeply channelled, the average thickness recorded in 

exposures is ~10 m, though borehole records from the area recorded a maximum of 25 m in 

thickness (King, 2016). 

EAST ANGLIA 

The majority of Harwich Formation deposits in East Anglia are represented by sandy clayey silts 

and silty clays with diffused volcanic debris and frequent argillised1 ash layers, recorded mainly in 

the upper part of the succession (King, 2016). Sands with gravelly inclusions are present towards 

the base of the sequence.  

The Harwich Formation deposits crop out in NE Essex and SE Suffolk and can further be traced in 

the subsurface reaching as far as east Suffolk and east Norfolk. According to King (2016) it is 

possible that the Harwich Formation here grades transitionally into the coeval Sele Formation and 

Balder Formation in the southern North Sea (Figure 2.6). 

SUFFOLK PEBBLE BEDS: FERRY CLIFF MEMBER AND IPSWICH MEMBER 

Ferry Cliff and Ipswich Members are newly defined members formalised by King (2016) which 

together form the Suffolk Pebble Beds unit of Suffolk and Norfolk areas (Figure 2.6). The Suffolk 

Pebble Beds were recognised and described earlier by many others including Prestwich (1850), 

 
1 Argillised – composed of clay size particles 
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Boswell (1916), White (1931) and Jolley (1996), although at the time they were referred to as the 

Pebble Beds. 

Following King’s description, non-glauconitic fine sands of Ferry Cliff Member often contain mixed 

fauna of shark’s teeth and oyster shells, and frequent pockets of reworked mottled clays from the 

underlying Lambeth Group Reading Formation deposits (King, 2016). 

The Ipswich Member is characterised by fine well-sorted glauconitic sand and rounded flint gravel 

locally with thin clay beds and thickness rarely exceeding 1 m. Associated beds of calcareous 

sandstone and conglomeratic sandstone are also recorded (King, 2016). 

ORWELL AND WRABNESS MEMBER 

The sediments of the Orwell Member are often described as bioturbated silty and sandy clay and 

sandy silt, with thin layers of very fine sand; dispersed pyroclastic debris and thin discontinuous 

argillised ash layers (maximum thickness recorded - 14 m) (King, 2016). 

The Wrabness Member deposits are composed of clayey silt and silty clay, with numerous argillised 

ash bands and occasional semi-continuous layers of argillaceous limestone concretions, including 

seismically identifiable Harwich Stone Band (also referred to as ‘Harwich cementstone’) containing 

a central ash bed. A thin glauconitic sandy clayey silt layer is present at the base of this unit (King, 

2016; Jolley 1996) and thin silty sand interbedded with clay is locally present in the southern part 

of East Anglia (King, 2016). 
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Figure 2.7. Tertiary basins of southern Britain and adjacent areas (adapted from King, 2016). 
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DIEPPE BASIN/DIEPPE OUTLIERS/PARIS BASIN 

The largest Paleogene outlier on the French coast is Varengeville Outlier, located to the west of 

Dieppe (Figure 2.7). Amongst three major lithological units of this outlier lies the Varengeville 

Formation (Ypresian), represented by marginal-marine sand deposits overlain by marine clay 

(Figure 2.6). Within the Varengeville Formation are two stratigraphical units that can be correlated 

with the Harwich Formation deposits of southern England:  the Craquelins Member and the ‘Sables 

Fauves’ (Aubry et al. 2005; King, 2016). 

CRAQUELINS MEMBER  

This unit belongs to a distinct but incomplete sequence (Aubry et al. 2005) which is composed of 

glauconitic sandy clayey silt and clay (with estimated thickness of c. 1m) with fine rounded flint 

gravel dispersed at the base (more concentrated gravelly base with shark teeth was noted by 

Dupuis (2000), after King, 2016). The microflora and macrofauna found in this unit are fully marine 

and the interburrowed contact with underlying strata represents omission surface (King, 2016) 

though Aubry et al. (2005) declared that the Craquelins Member remains biostratigraphically 

uncharacterised. According to Aubry et al. (2005) the Craquelins Member can reach up to 10m in 

thickness, but this result was challenged by King (2016) who concluded that the given thickness 

appears to include the overlying Sables Fauves unit. 

Additionally, the stratigraphical position of this unit is subject to ongoing debate with Aubry et al. 

(2005) assigning it to the Soissonnais Formation (brackish/non-marine origin) whilst King (2016) 

reasons this unit belongs to the marine Varengeville Formation. As with the ‘Sables Fauves’ unit 

inconsistencies, it was assigned by Aubry et al. (2005) to the Mont-Notre-Dame Formation of 

younger Montagne de Laon Group (but as pointed out by King (2016) elsewhere in the text 

associated with the Varengeville Formation) where King (2016) included it in his broadly defined 

Varengeville Formation. 

SABLES FAUVES 

Fine, well-sorted glauconitic sand, partly cross-stratified, with small-scale channelling, often rich 

in fine well-rounded flint gravel (Aubry et al. 2005) and Ophiomorpha burrow-systems. The upper 

part of this unit is cemented to form a ferruginous sandstone (King, 2016). 
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According to King (2016) since Whitaker 1866, ‘Sables fauves’ have often been compared with 

the Oldhaven Member of the London Basin, based on lithology and stratigraphic record. Apart 

from Varengeville Outlier (located east of the town of Dieppe) Craquelins Member and ‘Sables 

Fauves’ are mostly absent from other parts of the Paris Basin.  

SABLES DE SINCENY 

The unit description provided by King (2016) is that it consists of sands with trough cross-bedding 

and lenses of rounded flint gravel and shells (c. 5 m) and it has been compared faunally and 

lithologically with the Blackheath Member of the London Basin (e.g. Stamp 1921). The unit was 

absent from Aubry et al. (2005) lithostratigraphical classification because, according to the 

authors, its lateral correlations remain uncertain.  

BELGIUM 

OOSTHOEK SAND MEMBER AND ZOUTE SILT MEMBER 

The distribution of sediments representing early Eocene in Belgium is mainly constrained to its 

northern parts and mostly confined to the subsurface. The accumulated deposits coeval to the 

Harwich Formation of London Basin are assigned to Tienen Formation and comprise two members 

defined by Steurbaut (1998) including the Oosthoek Sand Member and the Zoute Silt Member 

(Steurbaut, 1998; King, 2016).  

According to King (2016) the Oosthoek Sand Member is mainly composed of fine, moderately well-

sorted, bioturbated sand with lignitic fragments and thickness reaching 9m. This unit is often linked 

to the Oldhaven Member of the Harwich Formation (King, 2016). Furthermore King (2016) 

considered this unit to be part of larger (likely continuous) sand unit which is believed to 

additionally comprise the sand at the base of Dongen Formation (Netherlands) and the Sables 

Fauves (Dieppe Basin). 

The second member of the Belgian Tienen Formation is the Zoute Silt Member known to consist 

of glauconitic sandy clayey silt comprising dispersed volcanic ash particles (King, 2016). The 

thickness of this unit is usually <5 m. The assemblages recognised by Moorkens et al. (2000) 

biostratigraphical research assigned this unit to nanoplankton zone NP10 (corresponding to Knox’s 

(1996) Oldhaven Sands and Wrabness Member) though the subsequent review carried by King 

(2016) declared that the diagnostic species are absent. 
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DENMARK 

ØLST FORMATION 

Lithologically the Ølst Formation is composed of non-calcareous clays and claystones with 

occasional silica cemented claystone layers and numerous strongly argillised volcanic ash layers 

(King, 2016; Nielsen & Heilmann-Clausen, 1988). According to King (2016) the Formation is the 

onshore representative of both Sele and Balder Formations and cannot be separated from them 

on a lithostratigraphic basis. The Formation is known to contain high quantities of smectite (Nielsen 

& Heilmann-Clausen, 1988). 

NETHERLANDS 

DONGEN FORMATION (‘(Basal) Dongen Sand Unit’) 

The coeval representative of the Harwich Formation in southern part of Netherlands is a sandy 

unit forming part of the Dongen Formation. Described in detail by King (2016) as a well-sorted 

partly argillaceous sand, locally glauconitic, fining-upwards comprising clay interbeds and several 

tuffaceous beds (within its top section), the unit is informally known as ‘(Basal) Dongen Sand Unit’. 

The ‘(Basal) Dongen Sand Unit’ was correlated with the Oosthoek Sand Member (Belgium) and the 

Sables Fauves (Dieppe Basin) together believed to form a larger probably continuous sand layer 

(King, 2016). 

CENTRAL AND SOUTHERN NORTH SEA SUBCROP  

SELE AND BALDER FORMATIONS 

The BGS description of Sele Formation is based on Deegan and Scull (1977), and updated by Knox 

and Holloway (1992), who identified these sediments to comprise medium to dark grey, 

carbonaceous, pyritic, fissile mudstone, commonly thinly colour laminated with intermittent, thin 

layers of tuff. Sandstone units are developed at various levels within the mudstone succession. 

These are fine to coarse grained and are sharply separated from the mudstones.  

The Balder Formation consists of light to dark grey, also described as fissile, well laminated, 

carbonaceous, pyritic mudstone with abundant thin tuff layers in the lowest part. In places 

mudstone is interlaminated with harder silica bounded laminae. Sandstone units of up to 200 m 



Chapter 2: Literature Review 
 

47 
 

and sporadic calcite-cemented concretions or concretionary beds are present in some sections 

(Knox and Holloway, 1992)  

In the outer Thames Estuary, both Sele and Balder Formations grade laterally into the siltier and 

sandier Wrabness Member of the Harwich Formation (King, 2016). 

2.3 PALEOGENE – MECHANISMS CONTROLLING THE NATURE AND 

DISTRIBUTION OF FACIES 

At the start of Paleogene, the London Basin formed part of a larger sedimentary basin that included 

much of the present North Sea and extended eastwards at least as far as Poland (Ellison, 2004).  

Within this basin, Paleogene deposits were laid down during consecutive transgressions and 

regressions triggered by the changes in global sea level which were locally affected by tectonic 

activity related to the Alpine compression, the opening of the North Atlantic and the formation of 

Icelandic plume (Knox, 1996, King, 2006, Cooper et al., 2012, Gale and Lovell, 2017). Figure 2.10 

presents the correlation of stratigraphy and tectonic events which could have controlled the rates 

of deposition and spatial arrangement of sediments at the time. 

The London Basin lies immediately to the north of the Variscan Front, on the margin of the 

Midlands microcraton (Figure 2.8) and is confined between the chalk hills of the Chilterns and the 

North Downs. The most recent studies of this structure indicate the ongoing inversion of the 

London Basin (Ghail et al., 2015) which amongst other structures of this type in the surrounding 

area, reactivated in Neogene times (Chadwick, 1993). 
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Figure 2.8. The distribution of Paleocene and Eocene deposits within Cretaceous/Tertiary Sedimentary 
Basins of southern England (adapted from Ghail et.al. 2015). 

 

Paleogene climate and eustatic sea levels 

At the close of the Cretaceous period the current outline of Britain was entirely covered by the 

sea, in which chalk was deposited. A sudden change in sedimentary patterns mark the beginning 

of the Paleogene, and accompanying events make the K-T boundary (from Cretaceous-Tertiary, 

before the usage of Paleogene became more common) one of the most identifiable boundaries of 

the geological time scale. The extinction of the majority of calcareous plankton triggered 

lithological changes in marine sediments which are recognised across the world but in England and 

Wales, evidence of this event was removed during basin inversion and tilting in the mid to late 

Cenozoic and is now marked by a widespread unconformity (King, 2006).   
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Extreme changes, from high eustatic sea levels with increased accumulation of carbonate material 

to low sea levels and newly emerged north-western landmasses, led to restricted depositional 

areas with high clastic sedimentation (Skipper, 2000). These fluctuations continued into the Early 

Eocene when deep-sea conditions were established again (Figure 2.9). The permanent polar ice 

cover was almost completely absent which led to continuation of the Late Cretaceous ‘greenhouse 

world’ effect into the Early Paleogene times (King, 2006). 
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Figure 2.9. Early Eocene (56 – 49 Ma) palaeogeography of the British Isles and adjacent areas, illustrating 
the configuration of the North Sea Basin and adjacent areas during Lambeth Group times (56-54.5Ma) (A) 
and following the sea level rise – deposition of Thames Group (54.5 – 49 Ma) (B).  Barriers are shallow 
inter-basin zones restricting open-water circulation, emergent during periods of low sea levels or some 
tectonic phases (redrawn from King, 2016). 
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The record of an extreme warming episode that characterised the Paleocene-Eocene Thermal 

Maximum (PETM) is linked to the release of large volumes of isotopically light carbon into the 

ocean-atmosphere system, accompanied by global warming of 5-8oC causing the abrupt negative 

excursions in carbon-oxygen isotope ratios (Jenkyns, 2003). The stratotype for the Paleocene-

Eocene boundary has recently been approved by International Union of Geological Sciences (IUGS) 

following Working Group findings from the Dababiya section in Egypt near Luxor (Aubry et al., 

2007). In North Western Europe (including the London Basin) the Paleocene/Eocene boundary is 

approximately 0.8 Ma older than previously defined base of Ypresian Stage (Figure 2.10). According 

to Aubry et al. (2007) this correlates to the Reading Beds, lower than previous assumptions which 

placed this boundary at the base of the London Clay (King, 2006). This corresponds with the 

boundary assigned by Collinson et al. (2007), who placed it above the Lower Mottled Clay of the 

Reading Formation (Mid-Lambeth Hiatus), although recently King (2016) stated that the this has 

not been precisely located and most likely corresponds to the base of the Reading Formation.  

Tectonic controls 

Since tectonic controls on depositional patterns played a key role at that time, there have been 

several studies into their character and influence. 

Analysis of the Paleogene succession in southern England (Knox, 1996) reveals a clear relationship 

between long-term Palaeocene to Early Eocene sea-level trends and volcanic activity in the North 

Atlantic Province. The study shows that successive depositional sequences reflect local changes in 

tectonic style and palaeogeographical configuration. His correlation with regional tectonic and 

volcanic events (see Figure 2.10) confirms that differentiation of the succession into composite 

sequences is the direct result of tectonic activity, rather than tectonic events superimposed on 

major eustatic events. Knox suggests that most of this tectonic activity can be related to regional 

uplift associated with the development of the proto—Icelandic mantle plume beneath East 

Greenland (Knox, 1996). He also provides evidence that the plume-related uplift of NW Europe 

took place in three stages, but the cause of its episodic nature remains uncertain. 

 



Chapter 2: Literature Review 
 

52 
 

 

Figure 2.10. Correlation of early Paleogene stratigraphical and tectonic events in NE Atlantic region incl. 
relative sea level change – general trend only (based on Knox, 1996). 

 

The Thames composite sequence distinguished by Knox (1996) rests unconformably on the 

sediments of Lambeth Group. According to Knox, in the east London area, the unconformity is 

marked either by incision of fluvial-estuarine conglomerates and sands of Blackheath Beds into the 

underlying Woolwich Formation, or by Oldhaven sands resting on the relatively complete Lambeth 

Group succession (Knox, 1996). 

The Paleogene tectonic past of NW Europe is commonly linked to three major controlling 

mechanisms: the Alpine Orogeny, the opening of the North Atlantic, and the formation of the 

Icelandic mantle plume (e.g. Cooper et al., 2012; Knox, 1996; King, 2006; Gale & Lovell, 2017).  

The mechanisms associated with the early phase of North Atlantic opening, following crustal 

separation and sea-floor spreading in the Norwegian-Greenland Sea, led to a predominantly 

extensional tectonic regime in this area, and the subsidence of existing sedimentary basins. 

Continental collision between Africa and Eurasia resulted in compressional episodes with localised 

basin inversion that later became the dominant tectonic regime across NW Europe (King, 2006). 

Along with others (e.g. Cooper et al., 2012; Knox, 1996; Gale & Lovell, 2017), King (2006) agrees 

that the North Atlantic spreading was initiated by the development of mantle plume beneath 

Greenland. The hotspot tilted Northern Britain, influencing sediment deposition as far as southern 

England (King, 2006). 
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Further interpretations of controlling mechanisms can be found in Cooper et al. (2012), who agree 

that Paleogene tectonics can be attributed to approximately north-south Alpine-related 

compression but highlight the influence of pulsed intrusive and extrusive magmatic events, 

including four distinct dyke swarms attributed to the Icelandic mantle plume extension. Crustal 

deformation caused by the rise up of this hotspot is believed to have powered the intrusive and 

extrusive events between 62 and 55 Ma and was ultimately followed by opening of the North 

Atlantic Ocean at about 55 Ma (Cooper et al. 2012). According to the authors, the pulsed nature 

of these swarms provides a rationale for their formation in a tectonic regime otherwise controlled 

by Alpine-related deformation (Cooper et al., 2012). 

Similar conclusions were also drawn by Gale & Lovell (2017) who examined local and regional 

evidence for two major controlling factors: Alpine-related compression, and uplift associated with 

the formation of the Icelandic mantle plume. Their findings imply that Paleogene tectonics in 

Southern England were predominantly responding to vertical, rather than horizontal, stresses, 

consistent with the development of an Icelandic plume beneath Greenland. However, the cause 

of the high-frequency changes in relative sea-level remains unknown. The waxing and waning of 

polar ice sheets is usually responsible for global changes of this nature but with no polar glaciation 

the mechanism is uncertain (Gale & Lovell 2017).  

Sediment supply 

The origins of the sediments making up the lithological sequence of the Harwich Formation are 

regularly associated with the denudation of the Weald-Artois Anticline and Central Channel High 

(Stamp, 1920; Jones, 1999). The progressive westward transgression which marked the end of 

Paleocene epoch culminated in the submergence of the whole southern England by the London 

Clay (Ypresian) Sea (53-49 Ma, basal Eocene) (Figure 2.9) (Jones, 1981). A thick layer of London 

Clay (up to 200 m) was then deposited in a column of water 180-360 m deep (Davis & Elliot, 1957 

after Jones, 1981). The limited research related to the sediment sources of the Paleogene strata 

within the London and Hampshire Basins, based on heavy mineral assemblages, found that the 

detritus present within the Harwich Formation sandy unit (at the time referred to as Oldhaven 

Formation) and basal beds of the London Clay (which in part are now included in the Harwich 

Formation) derived from the Scottish Highlands, with the small amount of grains linked to volcanic 

activity at the time (Morton, 1982). According to Morton (1982) sediment transport took place by 

means of longshore drift along the coastline to the west of the present area of outcrop. 
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2.4 UNDERSTANDING THE DEPOSITIONAL ENVIRONMENTS OF CLASTIC 

COASTS AND ESTUARIES 

Coasts are the areas of interface between the land and the sea, and the coastal environment 

incorporates a range of zones (Figure 2.11): coastal plains, beaches, barriers and lagoons (Nichols, 

2009). Depending on their morphology, sediment input and influence of waves/tides, coastlines 

can be divided into two types: erosional and depositional. Erosional coastlines typically have much 

steeper gradients where a lot of the wave energy is reflected back into the sea (reflective coasts). 

The majority of the sediments involved in the process including bedrock and loose material may 

be removed from the coast and redistributed along the shoreline by the waves, tides and currents. 

Depositional coastlines are relatively gently sloped, and a lot of the wave energy is dissipated in 

shallow waters allowing the accumulation of available sediment (Woodroffe, 2003, cited by 

Nichols, 2009).  The supply of the material to build up a deposit is sourced from the marine realm, 

either terrigenous clastic detritus reworked from other sources or bioclastic debris. The 

terrigenous material mainly originates from rivers with a small input from the wind-blown 

sediment and direct erosion of the coastlines.  

 

Figure 2.11. Sketch illustrating the spectrum of coastal geomorphological features and dominant processes 
(from Coe, 2010). 

 

The summary table (Table 2.1) below presents characteristic features for each of the coastal zones 

(based on Nichols, 2009; Selley, 1996 and Selley, 2000): 
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Table 2.1. Coastal zones – characteristic features (based on Nichols, 2009; Selley, 1996; Selley, 2000). 

COASTAL ZONE TYPE DEPOSIT CHARACTERISTICS COMMENTS 

COASTAL PLAIN  

AND STRAND PLAIN 

Sand and sandstone bodies – 

large scale; storm flooding often 

leaves horizons of bioclastic 

debris (marine fauna); dune 

remains, and organic material 

may be present as evidence of 

subaerial exposure 

Influenced by fluvial, alluvial or 

aeolian processes of 

sedimentation and pedogenic 

modification with addition of 

storm triggered marine input 

BEACH Sand or gravel (including 

cemented types: sandstones and 

conglomerates) – well-sorted, 

well-rounded; storm ridge often 

present; wave-ripple cross-

lamination; often burrowing/ 

bioturbation present. Clast 

composition dependant on the 

sediment supply: terrigenous 

clastic, bio-clastic, volcaniclastic. 

Sandy sediment is deposited in 

layers parallel to the slope of the 

foreshore, dipping offshore only 

at few degrees to the horizontal 

(< than angle of repose); If 

cemented: beachrock – cement 

fabrics are either fibrous or 

micritic, and are of aragonitic or 

high magnesium calcite 

composition  

BEACH DUNE RIDGES Well-sorted sand at the top of 

beach succession, roots of 

shrubs and trees often 

preserved; evidence of dune 

cross-bedding may be destroyed 

by plants 

Dried out sand moved by wind 

action; commonly form along 

coasts with barrier system but 

also along strand-plain coasts 

BARRIERS (BEACH SPITS, 

WELDED BARRIER, BARRIER 

ISLAND, OFFSHORE BARS)  

Sand and gravel built by wave 

action (also cemented). Upward 

– coarsening profile; Commonly 

glauconitic with shell debris 

present; mica and carbonaceous 

debris – absent. Usually located 

in linear order – parallel to the 

shoreline  

Forms only if sediment supply is 

high. Washover deposit can be 

formed next to barriers: during 

storms the reworked sediment 

from the barrier is deposited in 

the lagoon  
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LAGOON Usually mudstones/ muds/ 

clays/silts, often organic rich 

with thin wave-rippled sand 

beds (Boggs, 2006); usually up 

to a few metres thick 

Could be very similar to lake 

deposits but lagoon material 

would exhibit marine influence 

(e.g. brackish fauna); association 

with other facies – occurring 

above/below beach/barrier 

island and fully marine deposits 

 

2.5 TRANSGRESSIVE SYSTEM DEPOSITS 

Historical research to date has proven that the Harwich Formation sequence is predominantly the 

result of marine transgression. Transgressive deposition is prompted by the relative sea-level rise 

during which the coastline moves landwards, and the shelf area expands. The alternative scenario 

could present itself during slow sea-level fall, when erosion becomes a dominant process or 

subsidence levels of the land area dominates. Transgressive deposits can be recognised through 

the evidence of a gradual or irregular landward shift of facies, or an upward deepening of facies 

that closes with a maximum flooding surface/zone (Figure 2.13 B) (Cattaneo & Steel, 2003).  These 

deposits can be fully marine, estuarine/lagoonal, or fluvial and, if accompanied by the changes in 

sea-level rise, sediment supply and/or basin/shelf topography, may occasionally include other 

facies (typically coal or aeolian deposits). According to Cattaneo & Steel (2003) almost any attempt 

to classify transgressive deposits based on the driving factors is likely to be over-idealised and to 

overcome this problem they propose a physical approach, based on the recognition of wave/tidal 

ravinement surfaces and transgressive surface (Table 2.2). Below is a summary of their key 

characteristics. 

Table 2.2. Classification of transgressive deposits based on Cattaneo & Steel, 2003. 

TRANSGRESSIVE 

DEPOSIT TYPE 

PLACE OF DEVELOPMENT CHARACTERISATION 

T-A below the lowest ravinement 

surface 

Commonly coal bearing (back-barrier) and 

alluvial. Accumulation in low-gradient 

settings where there is divergence 

between the ravinement trajectory, and 

the surface being transgressed 
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T-B above the tidal but below the 

wave ravinement surface 

Accumulate where tidal processes 

dominate over storm-wave processes. 

Locally slight landward divergence occurs 

between the two types of surfaces, 

allowing the development of estuarine 

sand bodies. The wave ravinement surface 

may be absent in the innermost part of 

transects or if the deposits represent 

purely tide-dominated high-energy 

settings. 

T-C above the wave ravinement 

surface in low-gradient 

settings 

Such deposits derive from shoreface 

erosion or from longshore drift. They are 

usually very thin but thicken where the 

transgression was punctuated by 

regressive pulses or where offshore sand 

ridges form. 

T-D above the wave ravinement 

surface in high gradient 

high-sediment supply settings 

In this setting (commonly fault-bounded 

terraces, valley walls, or other steep 

slopes) deposits can be thicker due to local 

deposition of all eroded and newly 

supplied sediment. 

T-E without evidence of 

ravinement surfaces 

These can be characteristic of low-energy 

settings that are typically mud-dominated. 

 

Within any depositional environment the volumes of deposited materials depend on productivity 

of sediment supply, subsidence rates and sea-level changes (Reading, 1996). At any point during a 

transgression event, high sediment supply or low rates of relative sea-level rise can cause the 

coastline to become periodically regressive in character, with deltaic or strandplain type of 

sediments alternating with estuarine and lagoonal/barrier deposits (Figure 2.12; Table 2.3) 

(Cattaneo & Steel, 2003). 
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Figure 2.12. The principal coastal environments of the marginal – marine setting. A: Marginal - marine 
depositional environments of prograding (regressive) and transgressive coasts. B: Evolutionary 
classification of coastal environments based on the depositional process (waves, rivers, tides) and direction 
of shoreline migration (after Boyd et al., 1992). 

 

Table 2.3. Environments with transgressive deposit input - examples (Selley, 1996 and Selley, 2000; Walker 
& James, 1992; Boggs, 2006; Clauzon et al. 2008). 

 

ENVIRONMENT TYPE DEPOSIT CHARACTERISTICS ASSOCIATED FEATURES/ 

COMMENTS 

ESTUARY TIDAL Well to moderately sorted 

sands, cross-bedded; 

herringbone cross-bedding; 

tidal rhythmites; 

transgressive lag deposits 

Presence of bars (extended 

longitudinally) in the mouth 

estuary 

ESTUARY WAVE  

DOMINATED  

(Lagoonal, partially closed,  

open-ended) 

Sand, gravel, mud (clays and 

silts);  

Stratified to well-mixed; 

sometimes sediment 

washover form the barrier – 

usually during storms/high 

wave activity. 

WAVE- 

DOMINATED/INFLUENCED 

 DELTA 

Usually mudstones and 

sandstones (also clays, silts 

and sands); beach and beach 

ridge complexes; 

bioturbation, brackish fauna 

possible 

Well-developed coarsening 

upwards facies; little 

burrowing; abundant graded 

bedding; relatively high 

sedimentation rates; delta 

front sandstones – wave 
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rippled to hummocky cross-

stratified (indicating role of 

waves and storms) 

TIDE DOMINATED  

DELTA 

Predominantly sand deposits, 

often thick (up to tens of 

meters) with a gross parabolic 

shape or geometry  

Overall coarsening upward 

but facies reflect tidal 

influence: tidal rhythmites; 

herringbone cross-bedding. 

Could be misinterpreted for 

Estuary – deltaic system needs 

to show clear evidence of 

seaward progradation, 

existence of 3D control 

(Bhattacharya & Walker, 1992 

in Walker & James, 1992; Su et 

al., 2020) 

GRAVELLY  

‘GILBERT TYPE’ DELTA 

Often clayey bottomset beds; 

conglomeratic to sandy 

foreset beds and an aggrading 

subaerial part (conglomeratic 

to sandy almost horizontal 

topset beds) 

subhorizontal topsets, steeply 

inclined foresets (may reach 

30-35°) and gently inclined 

bottomsets 
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Tide-dominated delta and estuary systems may both share comparable tide generated 

sedimentary structures and facies (Dalrymple, 1992 in: Walker and James, 1992), but they can 

be distinguished by facies stacking patterns. Transgressive systems are usually characterised 

by distal deposits (fine grained) overlying proximal deposits (coarser sediments) presenting an 

upward fining pattern (Dalrymple and Choi, 2007). Figure 2.13 (from Su et al., 2020) presents 

the sedimentary successions in the four cores from Yangtze River Delta in China (YD0901-03 

and CX03 presented in Figure 2.13 B) from fluvial facies at the bottom, through to a tidal river 

and estuarine facies, and then shallow marine or prodelta facies at the top, representing a 

typical transgressive sequence pattern (Dalrymple and Choi, 2007). 

 

Figure 2.13. (A)  Sketch map illustrating the geomorphological elements distribution in the sediment-
rich tide-dominated estuary; (B) Borehole cores showing stratigraphic correlations in NW–SE directions 
from Yangtze River delta (China) (from Su et.al, 2020). 

The Harwich Formation deposits are widely considered to fully represent a Transgressive 

System Tract (TST) sequence (Whitaker, 1866; Stamp, 1921; Knox 1996; King 1981 and 2016) 

with some interpretations of basal units (e.g. Hampshire Basin) indicating the presence of the 

Lowstand System Tract (LST) where deposits appear to represent an upwards (and/or 
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eastwards) fluvial to estuarine to beach/barrier succession. In this case the sequence implies 

fluvial aggradation followed by retrogradation of marginal-marine facies, interpreted as the 

LST and early TST (Figure 2.14) (King, 2016). Below is a brief synopsis of transgressive 

characteristics observed within the Harwich Formation deposits. 

Characteristics of Transgressive System Tract (TST) evidence from the Harwich Formation 

deposits: 

• Fining upward sequence (i.e. gravel, sand, silt, clay) indicating sea-level rise 

• Presence of glauconite 

• Presence of marine and brackish fauna 

• Presence of gravelly/shelly lag deposits 

• Roundness of gravel – high energy beach deposit; low sediment supply 

• Ravinement surface at the base; incised sequence boundary 

• Maximum Flooding Surface – within overlying London Clay Formation 

 

Figure 2.14. Diagram presenting depositional sequences and system tracts highlighting the position of 
the Harwich Formation interpreted as the lowstand systems tract (LST) and early transgressive 
systems tract (TST). 
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2.6 ON THE POSSIBLE ORIGINS OF CEMENTED CONCRETIONS 

The cemented parts of Harwich Formation are of particular concern for the construction of 

underground structures including tunnels, shafts, deep foundations and piling-related projects 

across London. Such unexpected hardground obstructions can seriously damage tunnel boring 

machinery, potentially deflect smaller boring equipment, disrupt piling operations and 

increase wear on excavation equipment and plant. These cemented features can occur as 

irregular concretions, hardgrounds, nodules or layers of various shapes, sizes and strengths 

(summarised in Table 2.4), making them difficult to predict and locate; their origin and 

distribution is still unknown.
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Table 2.4. Summary of various types of cemented Harwich Formation found in London. 

ROCK TYPE  
BRIEF 

DESCRIPTION 
SHAPE 

MAX SIZE 

RECORDED 

to date 

STRENGTH 
CONCRETION 

TYPE 

IN-SITU 

APPEARANCE 

MUDSTONE/ 

SILTSTONE 

Generally 

homogenous 

often calcareous 

mudstone/ 

claystone 

LENTICULAR 

or 

IRREGULAR 

COBBLES/ 

BOULDERS 

0.30 m 

thick; > 

0.70 m 

across 

Weak to 

very strong 

HIATUS 

CONCRETIONS (?) 

BOULDERS, often 

fragmented 

SANDSTONE 

Shelly fine 

sandstone, shells 

often concentrate 

in horizons 

TABULAR 

LAYERS 

1.50 m 

thick; >3 m 

in plan 

Extremely 

weak to 

strong 

HARDGROUND 
DISCONTINUOUS 

LAYERS/BANDS 

CONGLOMERATE 
Gravelly shell lag 

or gravel lag 

IRREGULAR 

BOULDERS/ 

LAYERS 

1 m thick; 

5 m x 10 m 

in plan; 

also, beds 

stretching 

for >1 km 

Extremely 

weak to 

strong 

SHELL AND/OR 

GRAVEL LAG 

DISCONTINUOUS 

LAYERS/ ISOLATED 

BOULDERS/ 

CONCRETIONS 

SEPTARIAN NODULE 

Mudstone/ 

siltstone with 

cracks infilled with 

calcite cement 

LENTICULAR 

COBBLES/ 

BOULDERS 

0.30 m 

thick; > 

0.70 m 

across 

Strong to 

very strong 

SEPTARIAN 

NODULES with 

SECONDARY 

CALCITE 

CEMENTATION 

forming SEPTA 

BOULDERS often 

fragmented 
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The historical research on cemented concretions have demonstrated that these types of 

cemented grounds form during shallow sediment burial, without undergoing compaction and 

before full lithification takes place during diagenesis (i.e. Scotchman, 1991; Selley, 2000; 

McBride et al., 2003). It is important to distinguish between concretion and nodule. 

Concretions typically form from precipitation of minerals which concentrate around nuclei 

(usually material of organic origin such as plant remains, shell, fossil) and cementing sediment 

around it. Nodules, on the other hand, are replacement bodies, in the form of small often 

irregular lumps, composed of minerals or mineral aggregates in contrast with the surrounding 

rock mass (i.e. cherts in limestones, flints in chalk, pyrite in coal, phosphorite in marine shale) 

(Boggs, 2006).  

Two modes of concretion growth can be recognised: concentric – where successive layers of 

cement are added to the outer layer overtime increasing its radius; and pervasive – where 

cement crystals grow simultaneously throughout the concretion volume without changing its 

size (Raiswell & Fisher, 2000). In both scenarios a certain level of porosity can be retained which 

can be filled with other cements at a later stage.  

The types of cements commonly linked to concretions development include carbonate (calcite 

and siderite), siliceous and iron-oxide derived. These cements are often unevenly developed 

so that concretions may occur intermittently along deposited beds (Selley, 2000).  

A particular type of carbonate cemented concretions are ‘hiatus concretions’. These are 

generally similar to typical concretions formed around organic materials but their post-

diagenetic history is more complex and involves exhumation on the sea-floor, colonisation by 

various encrusting and/or boring organisms during a break in sedimentation and final burial 

(Figure 2.15), hence they represent a hiatal surfaces in sedimentary sequences (Zatoń, 2010). 

Genetically, hiatus concretions are closely related to sea-level changes (e.g. Coniglio et al., 

2000; Garcia-Garcia et al., 2013), but some authors consider that the common occurrences of 

hiatus concretions during the Jurassic and Cretaceous is caused by differential subsidence 

within particular basins possibly related to the break-up of Pangaea (Zatoń, 2010). Zatoń (2010) 

also noted that the stratigraphic occurrences of the hiatus concretions coincide with periods 

when ‘calcite seas’ prevailed, that is the periods during which the sea water was saturated with 

respect to calcite and undersaturated with respect to aragonite. 
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Figure 2.15. Hiatus concretions formation (after Zatoń, 2010). A. Burrow systems made by e.g., 
crustaceans just below the sediment-water interface. B. Gradual cementation of the concretions within 
sulphate reduction zone. C. Exhumation of the cemented concretions on the sea-floor by burrowing 
organisms and bottom currents, during sedimentation pause. D. Colonisation and overturning of the 
exhumed concretions by various encrusting and boring organisms during a break in sedimentation E. 
Resumed sedimentation and burial of the hiatus concretions. Phases C–D may repeat several times 
before the final burial of the hiatus concretions. 

 

The siliceous cements can contain a range of silica minerals of which opal, chalcedony, crypto-

crystalline silica and quartz are the most widely documented (Nash & Ullyott, 2007). The 

classification of silcretes has come full circle since research by Goudie (1973), updated by Thiry 

(1999), followed by most recent advances and new classification proposed by (Nash & Ullyott, 

2007). Their scheme divides silcretes into: ‘pedogenic’ and ‘non-pedogenic’ varieties with the 

latter based on geomorphological context of silicification into ground-water, drainage line and 

pan/lacustrine that was later complemented with a series of diagnostic characteristics within 

their structure, micromorphology and chemical composition (Ullyott & Nash, 2016). 

There are several publications indicating evidence of ancient coastlines preserved in a form of 

a beachrock (Tanner, 1956; Moore et al. 1972; Donaldson and Ricketts, 1979 after Gischler, 

2007). Beachrock is typically described as friable to well-cemented sedimentary rock formed 

as a result of rapid lithification (20th century records indicate period of time of one to few years) 

of sand and/or gravel by calcium carbonate cement precipitation under a thin cover of 

sediment in the intertidal zone (Gischler, 2007). Beachrock deposits develop parallel to the 

coast with layers usually less than 5 m thick (often a few tens of centimetres), gently dipping 
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towards the sea (<10°), often disturbed by fracturing, following continuous exposure to 

abrasion and corrosion of sediments. Cementation of beachrock usually occurs in the marine 

diagenetic environment, however the origin of its formation is still not fully understood 

(Gischler, 2007).  

One of the most problematic groups of cemented materials within the Harwich Formation are 

the conglomerates commonly defined as a clastic sedimentary rock containing a significant 

(>25%) fraction of rounded particles larger than 2 mm in diameter set within a finer matrix. 

Selley’s (2000) account divides these into three groups depending on their composition: 

volcaniclastic, carbonate (also referred to as calcirudites) and terrigenous conglomerates 

(silicirudites). Considering the lithological characteristics of conglomerates found within the 

Harwich Formation deposits – terrigenous conglomerates are here of primary concern due to 

their irregular but particularly strong cementation. Selley (2000) divides these further based 

on their textural properties: grain-supported and mud- (matrix-) supported (diamictites). In 

grain-supported type, individual pebbles are in contact with each other, with the surrounding 

spaces usually infilled with sandy/clayey matrix. These are commonly found in fluvial 

environments, though in marine conditions (beach gravels that mark the marine 

transgressions) pebbles are usually deposited first with finer matrix infiltrating from the 

sediment above at a later stage, prior the start of the cementation process (Selley, 2000). In 

mud-supported specimens, pebbles are rarely in contact with each other and are mainly 

dispersed throughout the matrix. The origins of pebbly mud-supported conglomerates are 

linked to various processes including glacial but also mud-flows originating in subaerial and 

underwater environments (Selley, 2000). 

The influence of faulting on development and alteration of cemented concretions is a subject 

of increasing interest (e.g. Carrio-Schaffhauser & Gaviglio, 1990; Balsamo et al., 2012). 

Structurally, fault zones are one of the key passageways for attracting and controlling fluid flow 

pattern and therefore distributing mineral rich fluids to initiate or reinstate the cementation 

process. 

By assessing the petrophysical, structural and chemical properties of carbonate concretions in 

the southern Apennines region in Italy, Balsamo et al. (2012) assigned them to two groups: 

tabular (including nodular and lens-shaped), developed within the fault zones, and elongate 

and coalescent strata-bound concretions, formed adjacent to and mostly parallel with fault 
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zones. The authors note that tabular concretions show a variety of cement types and fabrics, 

whereas sub-horizontal elongate concretions show constant cement texture features. 

Carbonate concretions are known to indicate the conditions of the hydrological and diagenetic 

environment in which they developed, and the paleo-fluid flow direction at the time of calcite 

precipitation (as summarised by Balsamo et al. 2012). Based on their spatial arrangements, 

cross-cutting relationships, cement types, textures and chemistry, isotopic signatures and 

micro-features, such as the development of bladed crystal rims around peloids and shell 

fragments, Balsamo et al. (2012) concluded that the carbonate concretions developed in two 

stages – eodiagenesis (pre-burial) and telodiagenesis (post-burial) – in close association with 

extensional fault zones. Balsamo et al. (2012) infer that development of tabular concretions 

during extensional fault activity suggests an active role of faults in attracting fluids within the 

fault zones, whereas the undamaged nature of elongate concretions indicates an inactive role 

of faults in controlling fluid flow patterns and cementation. In conclusion tabular concretions 

formed during seismic pumping and co-seismic rupture propagation and/or slow capillary 

suction along low-permeability fault rocks during inter-seismic periods, whereas elongate 

concretions formed after regional uplift and exhumation (Balsamo et al., 2012). 

Further studies on the effects of faulting on lithified sediments and carbonate concretions offer 

valuable insights into physical and chemical transformations within the sediment matrix and 

internal rock structure. 

Carrio-Schaffhauser & Gaviglio (Carrio-Schaffhauser & Gaviglio, 1990) observed that there are 

a number of changes indicating close proximity to the fault, from mechanical compaction and 

decrease in porosity to welding of the particles and a reduction in permeability; changes in 

sediment texture; stylolites and solution cleavage; crystallisation and increase in particle sizes; 

and the development of crystal faces (coalescent structure). Their porosity assessment carried 

out on the Campanian limestones of Provence region in south-eastern France led them to 

conclude that the destruction of the largest pores is partly caused by mechanical compaction; 

this was supported by observations carried out on thin-sections where the degree of shell 

preservation, which shield the voids, decreased closer to the fault. The increase in grain size 

and a development of crystal faces towards the fracture or shear plane implies a predominance 

of pressure-solution and cementation mechanisms in the transformation of the rock matrix 

(Carrio-Schaffhauser & Gaviglio, 1990). 
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Both studies (Balsamo et al. 2012 and Carrio-Schaffhause & Gaviglio, 1990) note the effect of 

progressive cementation and shear-related grain size reduction within fault zones, causing a 

decrease in sediment porosity and permeability. 

2.7 SUMMARY 

The Harwich Formation is typical of many marginal and shallow marine deposits that frequently 

form relatively thin units, with complex internal geometries, and are typically sparsely 

preserved and intensely reworked during shoreline retreat (Jordan at al., 2016). Deposits of 

this type of succession are likely to be influenced by a particularly wide range of physical 

processes. They may receive sediment supplied from different sources (landward and/or 

seaward) and their preservation potential is closely linked to the rate and scale of relative sea-

level fluctuations (Johnson & Levell, 2009; Curzi et al. 2017). What is unusual about the Harwich 

Formation is the historical lack of available geological data and its spatial distribution under the 

City of London, which causes geotechnical engineering planning problems for major 

construction projects including damage to tunnel boring machinery, disruption to piling 

operations and increased wear on excavation equipment and plant. 

As recognised at the start of this chapter, the complexity of the Harwich Formation is driven 

by varied deposits that frequently breach the order set out in Walther’s law. Each individual 

lithological unit of the Harwich Formation reveals an erosive base that could indicate a 

depositional hiatus. The potential hiatus – a break in succession, marked by an erosive contact 

– may represent a passage of any number of environments whose products were subsequently 

removed. In addition, irregular cementation within the units poses a significant challenge for 

engineering industry. The following Chapter 3 comprises a collection of documented 

engineering Case Studies concerning problems associated with the Harwich Formation 

deposits and engineering solutions used to overcome these issues.



Chapter 3: Case Studies 

69 
 

CHAPTER 3  

3. CASE STUDIES 

As highlighted by Chapter 2 the position of the Harwich Formation within the stratigraphy of 

London has become increasingly important since its lithological recognition by Prestwich in 

1850, culminating in its official acknowledgement in the literature (Ellison et al. 1994). Yet after 

150 years of research the Harwich Formation is still poorly understood with no agreement 

about stratigraphical subdivisions or relationships between members or even its origins, 

because of a lack of borehole data available to date and the rarity of exposures, which are 

mostly located outside the London area.  

The past 20 years of site investigation projects have identified a considerable number of 

engineering risks related to its mixed sediments, highlighting the need to refine the geological 

framework of the Harwich Formation, with a focus on its origins and depositional patterns.  

Outlined below are seven case studies that assess the nature and extent of problems recorded 

to date. The majority of those cases involve localised calcareous concretions and other 

irregularly cemented grounds. These can represent a risk to borehole drilling recovery, and 

potentially cause obstructions or handling issues, especially in small diameter shafts or tunnels, 

or when using underpinning or caisson methods. Many of the potential engineering hazards 

associated with the Oldhaven and Blackheath Members are due to their high sand/gravel 

content, which is often reflected in high permeability, raised groundwater pressures and/or 

poor stability. These properties can lead to problems with stability of bored pile foundations, 

and of excavations and tunnels (particularly in hand-mined cross-passages) (Skipper & Edgar, 

2020). 

Within this chapter, Sections 3.1, 3.2, 3.5 and 3.8 were previously published whole or in part 

by Skipper & Edgar (2020), whilst sections 3.3, 3.4, 3.6 and 3.7 are unpublished case studies. 

Table 3.1 presents a summary of case studies and engineering problems encountered and 

places them within the stratigraphic context (BGS, 2016). The new facies codes assigned in the 

last column are the key outcome of this research (Edgar et al., 2021). These are introduced and 

described in detail in Chapter 5 (Section 5.1) of this thesis. The locations of cases presented 

are shown in Figure 3.1.
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Table 3.1. Summary of case studies and engineering problems encountered within the Harwich Formation deposits with stratigraphic classification of 
sediments identified. 

CASE STUDY HARWICH FORMATION 
MEMBER 

PROBLEM NEW FACIES  
CODE ASSIGNED 

CROSSRAIL  
(CANARY WHARF) 

Mainly BLACKHEATH, but 
also OLDHAVEN and 

SWANSCOMBE MEMBERS 

Cemented obstructions identified during GI (max. 20 m by 20 m in plan, 
up to 1 m thick) – concern for tunnelling and grouting operations; ground 
stability and depressurisation scheme implemented 

HWH1 
HWH3 
HWH5 

WEST HAM OLDHAVEN MEMBER and 
SWANSCOMBE MEMBER 

Boulder size cemented obstructions; deflection of micro tunnel boring 
machine 

HWH3 
HWH5 

EAST HAM Possibly OLDHAVEN 
MEMBER 

Cemented obstruction; interruption of tunnelling operations – small 
diameter (EPBM) TBM replaced by a rock cutting TBM  

HWH3 

STOKE NEWINGTON TO 
COPPERMILLS 

OLDHAVEN MEMBER Cemented obstruction – gravelly shelly conglomerate; Failure of hydraulic 
muck transportation system 

HWH3 

STRATFORD OLDHAVEN MEMBER Cemented obstruction – shelly conglomerate; tunnelling - rapidly 
changing and difficult tunnel face conditions 

HWH3 

SOUTHWARK Possibly BLACKHEATH 
MEMBER 

High water-pressures within sand layers and cemented ground; Piling – 
concrete loss, pile collapse. 

HWH1, HWH2 or HWH4 

BECKTON OLDHAVEN MEMBER Cemented obstruction – shelly sandstone; shaft sinking operations 
disturbance – incl. 4-month standstill 

HWH3 

BEXLEYHEATH TO 
BARNEHURST 

Likely BLACKHEATH MEMBER Slope instability/landslide due to high permeability and low consistency 
of the materials exposed in the cutting along the rail track; Rail – 
disruption of services, 7 days line closure  

HWH1, HWH2 



Chapter 3: Case Studies 

71 
 

 

Figure 3.1. The approximate locations of case studies recorded to date. Base map of the London 
District adapted from Ordnance Survey Data © Crown copyright/database right [CC BY-SA 3.0], 2010. 

3.1 CROSSRAIL 

During the Crossrail project construction of Canary Wharf station box (Figure 3.1), there was 

concern that the Harwich Formation in the area contained cemented layers which could 

impede vertical grouting around the area where the Tunnel Boring Machine (TBM) would 

break-in to the main excavation. The grouting itself was proposed to prevent excessive water 

ingress into the station box from the high permeability Harwich Formation, which could 

potentially compromise tunnel integrity. Additional ground investigation outside the eastern 

end of the station box identified several cemented layers. These layers were observed and 

mapped in the station box excavation, primarily at the base of the Blackheath Member (Figure 

3.2 D). They were of substantial sizes, measuring up to 1 m in thickness and up to 20 m by 20 

m in plan. Despite being moderately strong in boreholes, they were weak enough to be 

excavated in the station box with a 5-tonne excavator. Cemented Swanscombe, Oldhaven and 

Blackheath Members were encountered in a number of site investigation boreholes and 
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excavations in the Canary Wharf Crossrail Station between 2002 – 2014. Accompanying 

evidence of fault activity (incl. reverse faults, slumped beds and channelling in sands) is shown 

in Figure 3.2 A, B, C.
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Figure 3.2. Overview of the Canary Wharf Station Box excavation (September, 2010) showing A: Blue oval – sand channel within the Harwich Formation 
deposits; red circle – area of fault; yellow circle – area showing Ophiomorpha burrows. B: Blue oval – slumped bedding and red oval – gravel lag in the base of 
through cross-bed base (field of view is~750mm); C: two, conjoint reverse faults within the Harwich Formation, thickly and thinly interbedded light grey silty 
sands and sandy clays. Sands are cross-bedded, showing apparent bedding that dips to the north. Measuring tape – black intervals are 50 mm. D: Cemented 
layer of conglomerate at the base of Blackheath Member. ©Crossrail Ltd with permission of TfL.
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A depressurisation scheme for the Harwich Formation was implemented as part of ground 

stability improvement around the Pudding Mill Lane section of the Crossrail route. The 

intention was to increase the efficiency of the TBM to balance face pressure, with the aim of 

improving surface settlement control, and was part of mitigation programme for the 

protection of National Grid Electric 400 kV power cables. Minimal movement from 

convergence of the ground onto the TBM shield was observed and this was attributed to the 

depressurised Harwich Formation below the axis of the tunnel, the presence of London Clay 

Formation above and bentonite support around the TBM shield (Evans, 2015). In addition, the 

mitigation scheme involved a series of ground treatment works including creating a block of 

stiffened ground through grouting the River Terrace Deposits to reduce surface settlement. 

The integrated scheme proved successful as throughout the works the 400 kV cables remained 

stable and unaffected by the works (Evans, 2015). 

3.2 WEST AND EAST HAM 

During construction of a side-tunnel for a flood mitigation project in West Ham London (Figure 

3.1) the pipe-jacked micro tunnel boring machine (Figure 3.5) was deflected off-line when it 

came into contact with a boulder-sized cemented obstruction. In excavations in the area, 

several layers of cemented silty sand or cemented shelly sand were noted, each layer from 100 

mm to 230 mm thick and up to 1 m long in the Oldhaven Member (Figure 3.3 and 3.4), while 

in a shaft excavation in nearby Stratford an entire 5 m diameter shaft revealed a cemented 

glauconitic gravelly shelly sandstone in the Oldhaven Member (interpretation based on 

identification of glauconite and shell content). An additional shaft was sunk to recover the 

machine, and an additional machine was used to drive the remaining tunnel from the opposite 

direction (Lousley et. al. 2010). The estimated claim cost was circa £2 million. 
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Figure 3.3. 360° view from MTBM head (marked on left) to start of pipe (on right) – looking south. The area circled in red is a mixture of concrete bulges from 
the secant pile wall and the cemented calcareous SANDSTONE band to the left (see Figure 3.4 below for details). (Source: GCG, 2014).
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Figure 3.4. A - Close up of the circled area from Fig. 3.3: 1. Septarian nodule: 220 mm thick (Harwich 
formation – Swanscombe Member) 2. Cemented (Concretions): up to 500 mm thick; Weak to very 
weak SANDSTONE. (Harwich Formation – Oldhaven Member) 3. Concrete bulges on secant pile wall 
with some evidence of mixing of concrete and underlying natural strata (black rounded flint gravel 
incorporated). 4. Shelly GRAVEL. Shells are cobble sized (including whole oyster shells) (Harwich 
Formation – possibly Blackheath Member). B – Harwich Fm – Oldhaven Member: Sandstone sample 
measuring 180 mm x 410 mm x 300 mm and C – Harwich Fm – Swanscombe Member – a block of 
Mudstone (septarian nodule) ~1 m wide and Oldhaven Member – Sandstone below (Source: AECOM, 
2010 and GCG, 2014). 
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Figure 3.5. Micro Tunnel Boring Machine (MTBM) with evident damage (Source: AECOM, 2010). 

 

An analogous situation was recorded back in the early 2000’s at East Ham (Figure 3.1) during 

Thames Water East London Redevelopment (ELRED) tunnel scheme, where a small diameter 

Earth Pressure Balance Machine (EPBM) TBM was halted by a cemented Harwich Formation 

obstruction. On this occasion, the machine had to be removed and entirely replaced by an 

‘Uncle Mole’ – a rock cutting TBM (T. Newman, pers. comm. 12th November 2020) (Figure 3.6). 

 

Figure 3.6. A – C cemented Harwich Formation obstruction recovered from East London 
Redevelopment tunnel scheme. D  - recovery of EPBM TBM (photos by T. Newman). 
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3.3 STOKE NEWINGTON TO COPPERMILLS 

In 1988 during construction of the Thames Water Ring Main tunnel between Stoke Newington 

and Coppermills (Figure 3.1 and 3.7) (Newman, 2009) large, cemented concretions of gravelly, 

shelly conglomerate (later interpreted as part of Oldhaven Member) were encountered, that 

caused handling problems for the hydraulic muck transportation system. The personnel were 

instructed to carry arisings manually for a distance of more than 1.5 km, which was extremely 

inefficient and time consuming. The case was described by Smith (1988) whose paper 

highlights the discontinuous nature of the cemented materials in the neighbouring area, and 

the fact that they were not picked up in the boreholes from preceding investigation. 

 

Figure 3.7. Pipe jacking operations in the tunnel between Stoke Newington and Coppermills (Image: E. 
Woods after Newman, 2009). 

 

3.4 OTHER ENCOUNTERS IN LONDON 

Anecdotal evidence implies that cemented Harwich Formation has been encountered in many 

other projects across London including the Channel Tunnel Rail Link (now High Speed 1), in 

Barking, in the Roding Valley and on the Olympic Park site in Stratford (Figure 3.1), where large 

slabs of shelly Oldhaven Member were excavated from one of the shafts. Skipper (pers. comm.) 

also encountered cemented material in the Harwich Formation in a variety of sites in east 
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London, and cemented Swanscombe, Oldhaven and Blackheath Members in a number of site 

investigation boreholes and excavations for the Canary Wharf Crossrail Station in 2002 – 2014. 

Borghi and Mair (2008) describe the Harwich Formation for the Channel Tunnel Rail Link in the 

Lee Valley at Stratford as being ‘Fine sand, fissured clay /shelly clay with some limestone / fine 

and medium flint gravel with clay, sandy clay or sand matrix’. They state that ‘the thin Harwich 

Formation overlying the Lambeth Group intermittently appeared at the tunnel horizon, giving 

rise to rapidly changing and difficult face conditions’. An EPBM was used in this project (GCG, 

2014). 

In addition, groundwater is often found associated with the Harwich Formation. Thames Water 

noted a number of situations where the discovery of sub-artesian groundwater has caused 

changes to tunnel and shaft designs or required contingency measures during construction 

(Newman, 2009). 

3.5 SOUTHWARK 

More recently, high groundwater pressures and cemented ground conditions within the 

Harwich Formation caused problems during installation of Continuous Flight Auger (CFA) pile 

foundations in the Southwark area (Figure 3.1) of South East London (based on confidential 

data). Anomalies in flow rate and concrete pressure were recorded at the boundary of the 

Harwich Formation and the Lambeth Group. The differential pressure which developed 

between two adjacent piles resulted in groundwater flow causing significant loss of concrete 

and consequently destruction of the pile. The combination of very high-water pressures within 

sand layers of the Harwich Formation and Lambeth Group and very hard ground conditions 

(cemented Harwich and Woolwich Formation of Lambeth Group) could potentially have 

loosened the surrounding material contributing to concrete loss that was observed at the head 

of the pile after its completion. 

3.6 BECKTON 

The ground investigation carried out ahead of the tunnelling operations for the relief tunnel in 

Beckton (Figure 3.1) did not report any cemented obstructions/hard layers. Only later when 

the shaft sinking operations were well underway, did the shaft suddenly stop on top of a c. 200 

mm thick almost continuous layer of Harwich cemented shelly sandstone (Figure 3.8 and 3.9) 

and some isolated boulder size fragments. The construction went into a 4-month standstill 
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while engineers changed the design method from dry to wet, unsuccessfully attempting to use 

underwater high-pressure jets to remove the layer, increasing the caisson weight by adding 

more jacks on top, building a new concrete platform and adding extra concrete lining on the 

outside. The combination of methods finally proved successful and the shaft was completed 

0.8 m above the originally planned depth. 

 

Figure 3.8. Cemented shelly sandstone beneath the base of shaft caisson at Beckton Sewage Tunnel 
(Photo by: M. Hosseini with the permission of Thames Water) (Edgar et al., 2021). 
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Figure 3.9. Boulder size cemented shelly sandstone from Beckton Sewage Tunnel (Photo by: M. 
Hosseini with the permission of Thames Water). 

 

3.7 BEXLEYHEATH TO BARNEHURST 

Cemented grounds are undeniably the most common source of engineering problems within 

the Harwich Formation deposits in London. However, in some areas (such as outskirts of 

London and area of Kent) high permeability and low consistency of the materials compromises 

slope stability resulting in an increased risk of landslides. Places where deposits such as sandy 

silt, gravel and sandy clays are exposed at the surface (either naturally or due to man-made 

activity) are particularly vulnerable. Several incidents were recorded in recent years by 

Network Rail, in the cutting along the track leading from Bexleyheath to Barnehurst (Figure 

3.1). Following a series of trackside landslides (2010, 2014 and 2016) that resulted in line 

closures, Network Rail has installed remote condition monitored (RCM) Senceive Flat Mesh 

triaxial tilt sensors (200+ nodes) with 3G cameras covering the majority of the cutting stretch, 

allowing engineers to access the readings in real time remotely. On the 11th February 2019 a 

landslide occurred (Figure 3.10), initially recorded as a slow gradual movement of one of the 
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nodes in the days before the event, followed by the sudden movement of 300 tonnes of the 

material (20 m wide landslide) over 30 minutes. The failed mass was still on the move when 

the engineer M. Tsoukalas (Network Rail) was carrying out his inspection. This landslide event 

was dubbed “a perfect case study” by the GE magazine (Ground Engineering, April 2019), 

demonstrating the effectiveness and worth of monitoring instrumentation investment, despite 

the fact that the line remained closed for 7 days. 

 

Figure 3.10. The trackside and cutting along Bexleyheath and Barnehurst line following the landslide 
(11th February 2019) (source: GE, 2019). 

 

3.8 SUMMARY 

The above case studies, assembled from ground investigations in London, are a small 

representation of the problems associated with the variability of Harwich Formation deposits. 

The increasing need to utilise underground space efficiently requires the construction industry 

to provide quick and sustainable solutions to engineering challenges posed by such ground. 

Geologically, the depositional and structural past is known to have influenced the current 

ground response greatly, affecting the degree of geotechnical risk considerably (Royse et al., 
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2012). This chapter demonstrates the industrial research need for this project which aims to 

provide a novel approach to assist the industry in predicting the likely distribution of the 

Harwich Formation and what to expect in its vicinity, which in turn will help to decrease the 

engineering risks associated with this stratum. The following Chapter 4 will explore the 

methods and techniques used to achieve this goal. 
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CHAPTER 4  

4. METHODOLOGY 

As continually emphasised in Chapters 2 and 3, the case of the Harwich Formation deposits 

follows a complex and often unclear path in understanding its local variances. With future site 

investigation projects in mind, a combination of traditional and modern techniques were 

chosen to improve our understanding of these complex sediments with the aim of improving 

our knowledge of the mechanisms controlling their deposition in the first place. 

4.1 DATA COLLECTION 

The majority of the data acquired for this research project were contributed by industry, 

including, Transport for London (TfL), Geotechnical Consulting Group LLP (GCG), Concept 

Engineering Consultants Ltd (here after referred to as Concept), Atkins, AECOM, National Grid 

and CGL following their problematic encounters with the Harwich Formation during projects 

including Crossrail, Thames Tideway, Silvertown Tunnel and a range of smaller scale 

commercial projects around London (Figure 4.1). 

 

Figure 4.1. Borehole data coverage within the research area (Edgar et al. 2021). Ordnance Survey Data 
© Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 
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The largest dataset used in this study was that of the Crossrail Ground Investigation provided 

by GCG and TfL. The database comprised the complete AGS file containing a total number of 

2119 borehole, windowless sampling and trial pit logs (this included over 1000 historical 

borehole data records obtained from BGS records), laboratory test data (variety of index 

testing such as particle size distribution, Atterberg limits, moisture content and advanced 

laboratory tests involving undrained shear strength, effective stress, triaxial compression, 

oedometer consolidation and permeability testing), a number of high quality core scans and a 

series of factual and (site specific) interpretative reports. To manage such a large data set 

priority was given to the borehole logs exceeding 10 m depth and therefore trial pits and 

windowless sampler boreholes were excluded at this stage. The borehole logs chosen for 

analysis include cable percussion and rotary core records, on the basis that Tertiary deposits 

including the Harwich Formation would be best identified in boreholes exceeding made ground 

and Quaternary deposits. However, following encounters of the Harwich Formation in deposits 

closer to the surface (e.g. in the Isle of Dogs) some areas were later revised, and coverage 

updated to account for this issue. The boreholes were then separated into localised groups by 

area, i.e. Stepney Green, Woolwich Portal, Isle of Dogs, Paddington, etc. For each group, a 

separate spreadsheet was created, every borehole log was then checked and the geology 

reinterpreted where applicable. The full set of borehole logs can be viewed in Appendix B-1. 

4.1.1 FIELD SAMPLE RECOVERY 

The DeepStore facilities in Winsford near Cheshire were visited to salvage the remaining 

Crossrail core material that was stored in the salt mine for more than 15 years under stable 

climatic conditions (Figure 4.2). A total of 20 core boxes containing core liners from 16 

boreholes were then transported to Concept’s Coventry warehouse where all the retrieved 

cores were reopened, photographed, relogged and subsampled to compare with and verify 

available digital/hard copy records. 
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Figure 4.2. Crossrail core material in DeepStore storage facilities (Winsford Salt Mine near Cheshire). 
The underground storage, located 150m below ground level, is owned and operated by Compass 
Minerals. 

A number of site visits were made possible thanks to Concept, GCG and Tideway where data 

interpretation and sample collection were carried out from freshly retrieved rotary cores, 

borehole samples or exposures within shafts. During four shaft visits, small pits were dug into 

the shaft invert, using a machine excavator, to closely observe the contact between different 

layers of sediment and avoid contamination from overlying layers during sampling. Samples 

were then taken using a hand trowel and immediately placed within a small plastic bag or a 

tub with a sealable lid. A total of 191 disturbed samples were collected for visual assessment 

(soil/rock logging descriptions) and laboratory analysis. During all sampling visits at Battersea, 

High Speed 2 (HS2) and Tideway shafts, observations were made, photographs taken, and 

graphical logs/sketches created in order to correlate the sediments with available historical 

data.  

4.1.2 FIELD OBSERVATIONS 

To obtain a larger-scale view of the stratigraphic-architectural relationships between the 

Harwich Formation deposits, field trips were organised to: Abbey Wood (Abbey Wood Forest), 

Gilbert’s Pit (Charlton), Herne Bay (Kent), Reculver (Kent), Harwich (Essex), Wrabness (Essex) 

and Walton-on-the-Naze (Essex). The cliff exposures were photographed, logged, sketched and 

compared with available historical records (details are presented in Chapter 5). 
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4.2 DATA INTERPRETATION 

Data interpretation was completed in accordance with BGS approved stratigraphical 

breakdown (as updated by the author) presented in Figure 4.3. At the start of each 

interpretation, initial documentation of the following was made: 

• Borehole name 

• BNG Eastings and Northings 

• Project specific or BGS reference code and borehole number 

• Ground level elevation 

 

 

Figure 4.3. Stratigraphy in London district and their corresponding Excel spreadsheet codes for MOVE 
and Dionisos Flow modelling. *MUPR – Mottled Upnor Formation. 

PERIOD GROUP GROUP CODE FORMATION/UNIT
FORMATION 

CODE

FURTHER 

SUBDIVISIONS 

INTRODUCED BY 

AUTHOR

Anthropocene – – Made Ground MGR

Alluvium ALV

River Terrace Deposits RTD

Weathered London Clay WLC

LCB

LCA3ii

LCA3i

LCA2

HWH5

HWH4

HWH3

HWH2

HWH1

Woolwich Formation:             

Upper Shelly Clay
UPSCL

Reading Formation:                 

Upper Mottled Beds
MCL

Woolwich Formation:                

Laminated Beds
LBED

Woolwich Formation:              

Lower Shelly Clay
LSCL

MUPR

Upnor Formation UPR

Thanet Sand TAB

Bullhead Beds BLHB

Seaford

Lewes Nodular

New Pit

Holywell

Quaternary – –

Paleogene

Thames Group THAM

Montrose Group MONT

Late Cretaceous

Chalk Group:        

White Chalk 

Subgroup

CK WHCK

London Clay Formation LC

Harwich Formation HWH

Lambeth Group LMBE

Reading Formation:                  

Lower Mottled Beds
LMBED
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Each log was interpreted from ground level through to the base of the borehole, with depth 

converted to elevation relative to ordnance datum. Modern logs (1990’s onwards) were found 

to present a finer level of detail and accuracy, and thus rarely required more than confirmation 

that the description of the layers and associated formation annotations applied, were correct. 

However, some older logs (mostly historical BGS records such as that presented in Figure 4.4) 

either underwent more thorough analysis and critical geological reinterpretation based on 

authors experience/available literature or, if found in question, were disqualified from further 

processing. Focus was given to strata intervals where the Harwich Formation sediments were 

either recorded present or absent. When present characteristics such as grain size, overall 

appearance, mineral composition, and condition of formation were assessed to define 

different lithofacies (details of which are presented in Chapter 5 section 5.1). Where absent, 

the influence of external factors such as drilling and soil logging processes were carefully 

examined and relevant markers added to later aid the 3D geological modelling process (as 

described in Section 4.4.2.1 of this chapter).  
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Figure 4.4. Example of historical borehole log scan obtained from BGS GeoIndex Onshore archive, 
illustrating poorer quality logging and variation in terminology. Borehole location: Blackfriars, BGS 
reference: TQ38SW2880 (GeoRecords Plus+, 2018). 
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4.2.1 EXCEL PROCESSING 

To allow for the interpretation and modelling of boreholes, a series of Excel input spreadsheets 

were created. Depending on the data source (Crossrail GI, Tideway, small commercial project 

or historical records) each spreadsheet represented either a part/section of ground 

investigation or individual site, though all followed the same setup. An example is shown on 

Figure 4.5 below. The complete set of spreadsheets can be seen in Appendix B-2. 

 

Figure 4.5. Screenshot of the Input sheet, example interpretation taken from Crossrail, section: Custom 
House, borehole number: CH17RA. 

In addition to standard stratigraphical divisions used by BGS, a number of new codes were 

introduced by the author, to allow creation of surface horizons pre-, post- and within the 

Harwich Formation deposits:  

PLSU – Palaeosurface – topographical surface prior to deposition of the Harwich Formation 

PDEP – Post depositional surface – topographical surface post deposition of the Harwich 

Formation 

TSLCA2 – Top Surface of London Clay A2 – surface elevation of the top of London Clay unit A2 

(also referred to as the Walton Member by King (2016)).  

For PLSU and PDEP surfaces the identification criteria were based on: 

• change in lithology between layers of sediment (such as grain size, texture and 

composition) 

• erosive contact (often marked as a gravelly horizon)  

• and/or change in colour 
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The TSLCA2 surface was identified following King (2016) stratigraphical subdivisions of the 

London Clay Formation in the London area. 

The Harwich Formation itself was subdivided into lithofacies: HWH1, HWH2, HWH3, HWH4, 

HWH5 and the bases of each one of those were also differentiated and then labelled as follows:  

HWH1 BASE, HWH2 BASE, HWH3 BASE, HWH4 BASE, HWH5 BASE 

The above mentioned surfaces were inserted into the Excel spreadsheet ‘artificially’ by 

deducting either 1cm (PLSU and PDEP) or 1 mm (HWH facies and their bases) from the top/or 

base of the stratum of interest (i.e. PDEP was deducted from the base of the strata overlying 

HWH: LC/RTD/MGR; TSLCA2 was deducted from the top of London Clay unit A2; PLSU was 

inserted at the top of any strata underlying the base of the Harwich Formation to avoid 

reducing any thickness from the Harwich Formation sediments) and this is further described in 

Section 4.4.2.2 of this chapter. 

4.3 LABORATORY TESTING 

4.3.1 PARTICLE SIZE DISTRIBUTION 

The Particle Size Distribution (PSD) analysis was used to compare the results obtained from the 

Crossrail ground investigation and to verify selection of facies types identified during the logs 

revision process. The initial technique chosen was QICPIC hardware developed by Sympatec in 

Germany, which uses image analysis for rapid and high-resolution determination of particle 

size distributions (Sympatec, 2019) which also allows for grain shape analysis. The apparatus 

used for this testing is shown in Figure 4.6. 
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Figure 4.6. QICPIC & Gradis configuration. 

 

Particles are streamed freefall through the measuring volume using the Gradis modular add-

on, as a camera captures the particles within the frame. The camera images are transferred to 

a computer database where the size and shape (sphericity or convexity) can be calculated by 

Sympatec software. Sphericity is defined as:  

S = 2√𝜋𝐴/𝑃  (Eq. 1) 

where A is the area of the silhouette of the particle and P is the perimeter of the silhouette of 

the particle (Altuhafi, O’Sullivan & Cavarretta, 2013). Convexity is the ratio between the area 

of the silhouette of the particle and the area of the particle convex hull. 

The limitations of this method are that QICPIC configuration requires samples with fractions 

between 100 µm and 10 mm which in the case of the Harwich Formation deposits meant that 
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only sand units were suitable for testing. The majority of the Harwich Formation materials 

contain a large fraction of clay and gravel as well as shell fragments, which mask the angularity 

of sand particles, requiring the adoption of alternative techniques. 

In addition, British Standard BS1377: Part 2 (1990) Particle Size Distribution tests were 

performed at Concept laboratory facilities based in Acton (West London). The wet sieving 

method was adopted because of significant quantities of fine materials (clay and silt), and the 

finest fractions were tested by pipette sedimentation. Coarser samples are dried overnight (at 

105°C), riffled/quartered to give a minimum mass complying with Table 4.1, then wet sieved 

through 63 µm sieve to remove the finer fractions and finally oven dried again at 105°C until 

constant mass is reached (weighed to 0.1% of its total mass). Samples were then dry sieved 

through a set of sieves: 75 mm, 63 mm, 50 mm, 37.5 mm, 28 mm, 20 mm, 14 mm, 10 mm, 6.3 

mm, 5 mm, 3.35 mm, 2 mm, 1.18 mm, 600 μm, 425 μm, 300 μm, 212 μm, 150 μm, 63 μm with 

appropriate receivers. Between 75 mm and 3.35 mm shaking is best performed by hand and 

below 2 mm with the use of mechanical shaker. 

 

Table 4.1. Mass of soil sample per sieving (BS1377: Part 2 (1990)). 

Maximum size of material 
present in substantial 

proportion (more than 10%) 

Minimum mass of sampling  
to be taken for sieving 

 
TEST SIEVE APERTURE 

 

 

mm kg 

63 50 

50 35 

37.5 15 

28 6 

20 2 

14 1 

10 0.5 

6.3 0.2 

5 0.2 

3.35 0.15 

2 or smaller 0.1 
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The pipette sedimentation test was performed on fractions below 63 µm when over 10% of 

this fraction size was determined through wet sieving. In general, this procedure enables the 

percentages of coarse, medium and fine silt, and clay, to be determined. These percentages 

can then be linked to the curve obtained by wet sieving to provide a single curve for the whole 

material (BS1377: Part 2 (1990)). A sampling pipette, fitted with a pressure and suction inlet, 

with a capacity of approximately 10 ml. The pipette is arranged that it can be inserted to a fixed 

depth into a cylinder submerged in a constant-temperature bath (see Figure 4.7). 

 

Figure 4.7. Pipette sampling configuration (photo by VanWalt Ltd). 

 

The pre-dried soil sample of appropriate quantity (30 g for a sandy soil and 12 g for a clay or 

silt) is inserted into a conical shaped bottle/flask filled with approx. 100 ml of distilled water 

and 25 ml of Sodium hexametaphosphate dispersant solution and vigorously shaken on the 

mechanical shaker for at least four hours (or overnight when possible). The soil suspension is 

then transferred onto a 63 μm test sieve placed on the receiver and washed with a jet of no 

more than 500 ml of distilled water. The suspension passing through the sieve is topped up 

with distilled water to make a full 500 ml of suspension. The material collected on top of the 
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63 μm test sieve is transferred into an evaporating dish and left in the oven to dry overnight at 

105°C (to be weighed and dry sieved if required). Before the sedimentation sampling begun 

the cylinders were closed with rubber bungs and shaken vigorously by applying about 120 end-

over-end cycles in 2 min and immediately replaced in the bath. Three readings were then taken 

from each of the cylinders at specified times: 4 min 5 sec; 46 min and 6 hrs 54 min. These 

timings were calculated based on particle density of clay estimated to 2.65 Mg m-3. The 

sampled suspension was collected in beakers and dried overnight in 105°C. Beakers were then 

weighed and the mass of solid material determined to the nearest 0.001 g. 

A total of 25 samples (5 samples per each facies type) were tested; the average percentages 

of main fractions are summarised in Chapter 5 in a form of histograms and PSD curves and 

compared with existing data provided by Crossrail (i.e. Isle of Dogs area), Battersea and West 

Ham site investigations. 

4.3.2 SCANNING ELECTRON MICROSCOPY, OPTICAL MICROSCOPY AND  

X-RAY DIFFRACTION TECHNIQUES 

A selection of X-ray Diffraction (XRD) and optical techniques such as thin section petrography 

and scanning electron microscopy were used to examine the mineralogy and textural 

relationships within the sampled deposits. ALS Global testing laboratories prepared 19 blue 

resin impregnated 50 mm x 25 mm thin sections, polished to 30 microns, that represent the 

full range of sediments found within the Harwich Formation. The role of sample impregnation 

was to infill pores spaces within the material to stabilise the sample during the polishing 

process which consequently helps to assess the true porosity and identify holes created during 

sectioning. The thin sections were produced without the coverslips so that they can be used 

for all the selected techniques. The XRD analysis required preparation of powdered material 

(see Section 4.3.5 for details). 

4.3.3 SCANNING ELECTRON MICROSCOPY (SEM) 

The thin sections were analysed using a HITACHI TM4000 (Figure 4.8) available at the Centre 

for Infrastructure Materials (CIM) in the Department of Civil and Environmental Engineering, 

Imperial College London, operated by the author. The method was used to observe 

morphologies of minerals including authigenic clays, the structure of cements and the nature 

of porosity within uncemented samples.  
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In addition, individual grains and particles were analysed using energy-dispersive X-ray analysis 

(EDS) during SEM examination. The electron beam projected onto the thin section specimen 

releases X-rays that can be measured by the energy-dispersive spectrometer, to identify the 

atomic structure and elemental composition of each scanned mineral. 

 

Figure 4.8. HITACHI TM4000 configuration (adapted from HITACHI, 2019). 

 

The development of SEM instrument (in 1930s) was prompted when the wavelength and 

magnification were recognised as the limiting factors in optical microscopes. Electrons have 

much shorter wavelengths, that enables for better resolution. Electrons are produced at the 

top of the column with an electron gun, accelerated down and passed through a sequence of 

objective lenses and apertures to generate a focused beam of electrons which irradiates the 

surface of the sample. The sample is mounted on a stage inside the chamber and both the 

column and the chamber are evacuated by a set of pumps to generate a vacuum. The position 

of the electron beam on the sample is controlled by scan coils situated above the objective 

lens. The coils allow the beam to be scanned over the surface of the sampled material. This 

beam rastering or scanning, enables information about a defined area of the sample to be 

collected. As a result of the electron-sample interaction, several signals are produced (Figure 

4.9). These signals are then detected by secondary electron detector, and finally turned into a 

video signal to form an enlarged image of the sample surface (Figure 4.10) (HITACHI, 2014). 
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Figure 4.9. SEM principle (Figure source: HITACHI, 2019). 

 

Figure 4.10. SEM internal configuration. BSE – Backscattered Electron Detector *Magnification is 
based on a standard display size of 127 x 96mm though may vary depending on the microscope model 
(Figure source: HITACHI, 2014). 
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4.3.4 OPTICAL MICROSCOPY 

Optical microscopy complementing SEM analysis uses a ZEISS AXIO IMAGER (Figure 4.11) in 

the Centre for Infrastructure Materials (CIM) in the Department of Civil and Environmental 

Engineering, Imperial College London, operated by the author. All the thin sections were 

analysed to confirm the identification of specific minerals such as glauconite, pyrite and clay 

minerals, as well as microfossils, and where applicable also observing the cement structure. 

  

Figure 4.11. Zeiss Axio Imager configuration. 

 

Optical microscopy requires the use of light microscope that allows the researcher to observe 

the samples directly by eye. Light is transmitted through or reflected from the surface of the 

thin section sample, and the high-resolution image is captured by light-sensitive cameras to 

generate a micrograph. The Zeiss configuration allows for examination of samples in reflected 

light using variety of contrasting techniques including: brightfield, darkfield, Differential 

Interference Contrast (DIC), Circular Differential Interference Contrast (C-DIC), polarization or 

fluorescence contrast and for transmitted light in brightfield, darkfield, DIC, polarization or 

circular polarization. The function of minimized stray light enables homogenous illumination. 
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In addition, the Zeiss Axio Imager is equipped with a Particle Analyzer that measures particles 

down to 2 µm. 

4.3.5 X-RAY DIFFRACTION ANALYSIS (XRD) 

This XRD method was predominantly used to identify and quantify minerals (including clay 

minerals) assess their chemical composition and to supplement the identification of minerals 

in thin section. The analysis was carried out at X-Ray Mineral Services Ltd laboratories in Wales 

where 14 samples were prepared and analysed. A Philips PW1730 automated X-ray 

diffractometer is used for the clay fraction analysis and the whole rock analysis performed by 

PANalytical X’Pert3 unit (Figure 4.12) both of which are fitted with Copper Anode Tubes. The 

data are processed using HBX developed especially for the XRD interface control, and TRACES 

for interpretation of diffractograms, and SEARCH-MATCH and SIROQUANT for phase 

identification and quantification. 
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Figure 4.12. XRD Equipment: A - Philips: PW1730 automated X-ray diffractometer with Copper Anode 
Tube; B1 - PANalytical X’Pert3 and B2 – internal view of B1. 
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Any unknown minerals were identified using TRACES and SEARCH-MATCH software that 

compare the x-ray diffraction pattern from the unknown sample with the International Centre 

for Diffraction Data PDF-4 Minerals database containing reference patterns for more than 

157,000 phases. Along with X-ray Mineral Services Ltd methodology, the maximum intensity 

of each identified mineral is measured and compared to a standard intensity for a pure sample 

of that mineral. The method does not consider any amorphous content and the results are 

normalised to 100% based on the assumption that the full mineral content of the sample is 

accounted for in the diffractogram. Where feasible, mineral determination includes a more 

detailed interpretation, particularly with respect to feldspar and carbonate compositions.  

The preparation of the sample involves gentle disaggregation with the use of pestle and 

mortar. A 2 g split of the sample is then ‘micronised’ using a McCrone Micronising Mill to obtain 

an x-ray diffraction ‘powder’ with an average particle diameter of between 5 - 10 µm. The 

sample is then turned into a slurry and sprayed under pressure into an oven where it is instantly 

dried into a powder comprising micro-spherical aggregates of mineral particles. This powder is 

front-packed into an aluminium cavity mount, producing a randomly orientated sample for 

presentation to the x-ray beam. 

Samples are analysed between 4.5° and 75° 2Ɵ at a step size of 0.013 and nominal time per 

step of 0.2 s (continuous scanning mode) using x-ray radiation from a copper anode at 40 kV, 

40 mA. The results are presented in the form of diffractograms and quantifying tables (see 

Chapter 5). 

Although clay minerals are evident in whole rock diffractograms, the results may be affected 

by factors such as the clay mineral preferred orientation in the whole rock preparation, the 

presence of fractions greater than 2 microns, and whole rock analysis of Illite may be 

influenced by presence of mica in samples. 

The best way to quantify clay minerals is to extract and analyse the clay fraction separately. A 

5g split of sample is used for analysis from which a <2 µm fraction is separated through 

ultrasound and centrifugation. The total weight of clay extracted is determined by removing a 

20-25 g aliquot of the final clay suspension and evaporating at 80°C. The clay XRD mount is 

obtained by filtering the clay suspension through a Millipore glass micro-fibre filter and drying 

the filtrate on the filter paper. The samples are analysed as an untreated clay, after saturation 
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with ethylene glycol vapour overnight and following heating at 380°C for 2 hours, with a further 

heating to 550°C for one hour. The initial scan for these treatments is between 3° and 35° 2Ɵ 

at a step size of 0.05°/sec using x-ray radiation from a copper anode at 40 kV, 40 mA. The 

untreated sample is also analysed between 24–27° 2Ɵ at a step size of 0.02 °/2 sec to further 

define kaolinite/chlorite peaks. 

4.4 GEOLOGICAL AND STRATIGRAPHIC MODELLING 

4.4.1 INTRODUCTION 

The main aim of this project is to create a 3D model visualising the spatial distribution of the 

Harwich Formation deposits in London using Petroleum Experts MOVE. Developed by 

geologists working in Oil & Gas exploration industry, MOVE is designed to build geometrically 

valid interpretations based on geological principles. The MOVE modelling was done in three 

parts: the main model HARWICH MODEL VF20 (whole research area with a complete set of 

boreholes) and two smaller supporting models designed to show local lithological variations: 

Battersea (HARWICH MODEL NINE ELMS) and Beckton (HARWICH MODEL BECKTON). The 

MOVE modelling is complemented by sequence stratigraphical modelling in Dionisos Flow 

software (part of the Open Flow Suite package by Beicip-Franlab). The descriptions of both 

computational methods are described below and results from both models are presented in 

Chapter 6. 

4.4.2 MOVE GROUND MODELLING 

4.4.2.1 DATA INPUT 

The initial project is set up by specifying the project name and British National Grid CRS, using 

a base map overlain onto DTM surface to define the areal extent of the ground model, along 

with a line vector shapefile showing the path of the River Thames.  

The stratigraphy properties file developed by Morgan (2018) and updated by the author were 

uploaded into MOVE and incorporated into the Input sheet of borehole data.  

• London Stratigraphy and Rock Properties.csv in Appendix A 

This file allows for the recognition of the codes used for interpretations in the Input sheet, 

although the Stratigraphy data and analysis tool in MOVE allows for manual entries as well as 

file uploads. Boreholes (called wells in MOVE) are loaded using the Input sheet.csv as an ASCII 

Well data file (as described in Section 4.2.2), where both borehole locations and stratigraphical 
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descriptions are imported, and specifying that the Z-axis represents elevation (mOD), not 

depth. Boreholes can be viewed in both a 3D (Figure 4.13 view A) and map views (Figure 4.13 

view B). 

 

Figure 4.13. Main MOVE Model showing distribution of 1003 boreholes within area of research in: A – 
3D view; B – Map view (different colour clusters mark separate site investigations or section areas of 
the same project in case of Crossrail). Ordnance Survey Data © Crown copyright/ database right, 
2016. An Ordnance Survey/EDINA supplied service.

Academic Licence. Not for commercial use 
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As highlighted in section 4.2.2, a number of surfaces were created ‘artificially’ by manipulating 

Excel spreadsheets during log interpretation process. To model the topographical surfaces pre-

, post- and within the Harwich Formation, which are in turn used to calculate sediment 

thicknesses and volumes for further stratigraphic modelling.  

This way the palaeosurface (PLSU) was created by inserting a 1 cm layer at the top of any strata 

underlying the base of the Harwich Formation. The PLSU surface was inserted in majority of 

borehole logs unless the Harwich Formation (HWH) thickness was not proven and the borehole 

terminated within that layer or above. However, in a situation where no Harwich Formation 

was recorded, i.e. only the London Clay Formation (LC) and the Lambeth Group (LMBE), the 

PLSU was inserted in between the two.  

Following the differentiation of all new Harwich Formation facies, the bases are inserted by 

deducting 1 mm from the bottom of each of the pre-defined facies. The initial attempts in 

surface modelling revealed that when a borehole terminates within the Harwich Formation 

material (and not proving the thickness of the layer) it is best to deduct the base nonetheless 

(even though the result is a non-true thickness) to retain continuity of the surface projection 

and to avoid gaps within the point clouds created which could affect the overall extent of 

surface distribution. In this way the error margin on the calculated thickness is reduced by 

maintaining the same number of points in the point clouds of the base and top surfaces.  

The post-depositional surface (PDEP) was created following the same rules as PLSU with 

initially set exception:  when the Harwich Formation was encountered at the surface or directly 

below MGR – then no insertion took place. This was later reviewed and PDEP stratum was 

inserted for consistency in order to reduce gaps and overlaps during surface projection. 

The validation of the model was carried out through manual checking of individual boreholes 

and direct comparison with model outcomes.  

In summary the issues encountered are listed below:  

1 – MGR overlying HWH: unable to establish how much of the material was removed from the 

top of the layer. 

2 – HWH at surface: similarly to the above, unable to establish how much of the material was 

removed from the surface through human activity/erosion/weathering. 
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3 – No HWH – PLSU inserted on top of LG i.e. but below LC, RTD, MGR etc. This could be 

ascribed to either uneven/patchy distribution of the HWH (therefore true absence) or logging 

error where the logger has failed to recognise or consciously separate the HWH deposit (if 

deposit thickness was less than 50 mm – this could have been assumed insignificant to create 

an individual layer). 

4 – PDEP below MGR, directly on top of PLSU without HWH in between: unable to establish 

the volume of the material removed between solid geology and the base of MGR, therefore 

the true position of PLSU and PDEP surfaces is postulated. 

The final stage of data manipulation was the introduction of the London Clay A2 top surface 

(TSLCA2) which is inserted at the top of LCA2 unit. If unknown or if the LC is not divided its 

location was reinterpreted from the logs where changes such as fraction size, extra 

characteristics (such as lithological cyclicity2, abundance of foraminifera, pyritised nodules and 

bioturbation, common absence of calcareous material), changes in SPT N-values were noted 

and if this was not possible, then strata was inserted at 10-12 m from the base of the LC horizon 

(based on the thickness of the unit in King (2016)). These criteria are acceptable because this 

surface is not used for any distribution predictions and only for stratigraphic modelling in 

Dionisos Flow software as a closing stage for the Transgressive phase. If in a log the LC horizon 

is less than expected 10-12 m, the top surface (TSLCA2) was inserted anyway in order to avoid 

random projection cutting through other layers/surfaces. 

4.4.2.2 MODEL BUILDING 

POINT CLOUDS  

Each horizon in each well is identified by a marker and markers from a single horizon across all 

928 wells are combined into a point cloud.  

Where the number of marker points exceeds the total number of boreholes there are multiple 

layers identified within the same horizon, which introduces a number of difficulties in surface 

and cross-section creation, and therefore priority is given to the top markers and the surfaces 

recreated with more reliable results. In some cases, horizons were manually post-processed to 

 
2 Lithological cyclicity – interbedded (2-4 m thick intervals) silty clay and sandy clay. 
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avoid overlapping and where necessary the artefacts of the modelling process were corrected 

or removed.  

SURFACE GENERATION 

Twenty main point clouds were used to generate mesh surfaces for each of the horizons, using 

the Ordinary Kriging surface generation method (Figures 4.14 and 4.15). The alternative 

methods considered were Multilevel B-Spline Approximation and Inverse Distance Weighting.  

 

Figure 4.14. Example of the point cloud used for generation of the HWH5 surface horizon. 

 

Multilevel B-Spline Approximation works by using input points from the horizon point clouds 

to calculate points on a grid (equivalent to the study area box) using basic spline functions 

(Midland Valley Exploration, 2017). Although this method produces smooth surfaces, full 

coverage across the areal extent of the model requires a low-resolution grid spacing, since 

points are only calculated when the distance to the nearest input point is less than the grid 

spacing. Given the large gaps between wells at some locations within the model, this method 

was considered unsuitable.  

Academic Licence. Not for commercial use 
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The Inverse Distance Weighting method gives weighting to input points to calculate points on 

a grid. The weighting is inversely proportional to the distance, so the closer the input point to 

the calculation point, the greater the weighting given. This method is best suited for densely- 

and well-spaced input points (Midland Valley Exploration, 2017), and although an attempt was 

made to select wells to minimise irregular spacing this was only of limited success. Therefore, 

the Inverse Distance Weighting method was not used in the main model but was found to be 

useful for some surfaces in the local-scale models. 

Ordinary Kriging produces more conservative estimates for peaks and troughs, and, contrary 

to the previous method, is best suited to sparse or incomplete data points (Midland Valley 

Exploration, 2017). The points are calculated to minimise the error variance about the assumed 

data structure. Although it takes more computational time than the other methods, it has a 

smaller statistical bias than the other methods and the irregular distribution of data points 

justified the computational cost. The Ordinary Kriging method was chosen as the most suitable 

medium for surface generation in MOVE with horizons displaying stratigraphically assigned 

colours (Figure 4.15). For the three ‘artificially’ generated horizons (PLSU, PDEP and TSLCA2) 

the best display option proved to be an elevation colourmap output surface (Figure 4.16).  
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Figure 4.15. Example of surfaces created in MOVE using Ordinary Kriging method for LC, HWH5, UPR, 
TAB and WHCK horizons with specified grid geometry option: surface fit inclined to selection. Vertical 
exaggeration x 25. 

Academic Licence. Not for commercial use 
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In general, the default options were retained when generating surfaces but in some instances 

the Quadrant Search option was turned off to reduce the likelihood of sharp changes in 

curvature in the generated surfaces (artefacts). Depending on the feature, the grid spacing was 

adjusted either before or after surface creation. Given the considerable size of the research 

area (10 km x 30 km) the grid cell widths were typically adjusted to either 200 m x 200 m or 

500 m x 500 m to ensure that the surface points have common X and Y coordinates, with only 

the Z coordinates differing. As a rule the surfaces generated from more data points were 

considered more reliable than surfaces generated from fewer data points. As ‘artificial’ 

surfaces incorporated significantly higher number of data points (often in excess of 700) these 

were subsequently regarded of high confidence horizons. In general, the precedence was given 

in the following order:  

Artificially created horizons: (all) HIGH CONFIDENCE 

1. PDEP (741) 

2. PLSU (705) 

3. TSLCA2 (478) 

All surfaces: 

1. RTD (1097 points) HIGH CONFIDENCE 

2. TAB (1078) 

3. LBED (659) 

4. WHCK (602) 

5. ALV (566) 

6. MCL (565) 

7. UPR (527) 

8. LSCL (169) 

9. UPSCL (140) 

Surfaces within HWH facies:  

1. HWH5 (297)   HIGH CONFIDENCE 

2. HWH3 (75) 

decrease in confidence 
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3. HWH1 (86) 

4. HWH4 (36) 

5. HWH2 (27) 

Surfaces were also generated from the separate point clouds to show the geometry of the 

faults identified during both log interpretation and/or modelling stage (Figure 4.17). 
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Figure 4.16. Example of an elevation colourmap output surface illustrating the palaeosurface (PLSU). 

 

 

Figure 4.17. Example of the fault surfaces and four cross section lines identified within Beckton local-
scale model (HARWICH MODEL BECKTON). The faint DTM image with OS Map is overlain to illustrate 
the location. Vertical exaggeration x25.  Ordnance Survey Data © Crown copyright/ database right, 
2016. An Ordnance Survey/EDINA supplied service. 

Academic Licence. Not for commercial 
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In order to display properties such as thickness, for each of the facies as well as overall Harwich 

Formation thickness between PLSU and PDEP and PLSU and TSLCA2 surfaces, the surface 

geometry function under data & analysis tab was used (Figure 4.18). 

 

 

Figure 4.18. MOVE visualisation of the forecasted thickness attribute between PLSU and PDEP surfaces 
– overall thickness of the Harwich Formation. 

 

4.4.2.3 MODEL DATA EXTRACTION 

CROSS-SECTIONS 

Several lines were chosen from which to generate cross-sections in MOVE to show the 

variation of the lithology across the site. Specific interest was aimed at sites with suspected 

faulting and faults influencing distribution of the Harwich Formation deposits as well as sites 

where structural features such as drift-filled-hollows or similar anomalies were predicted from 

the model. The locations of the lines within the main model are given in Figure 4.19. For each 

of the lines, the surfaces before and after processing are displayed, resulting in a total of 15 

cross sections. An example is shown on Figure 4.19 and a full analysis including discussion on 

their locations and interpretations are given in Chapter 6. 

Academic Licence. Not for commercial use 
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Figure 4.19. Cross section locations within HARWICH MODEL VF20. 

 

4.4.3 DIONISOS FLOW STRATIGRAPHIC MODELLING 

Sequence stratigraphy (Vail et al., 1977), currently regarded as a leading tool in sedimentary 

geology, aims to explain depositional patterns in sedimentary basins by reference to sea level 

changes and tectonic activity. This technique allows the researcher to split or combine 

sediments by identifying unconformities between sedimentary successions and hence creating 

unconformity-bounded sequences, which proves to be particularly useful on the regional scale 

(Doyle and Bennett, 1998). Sequence stratigraphy can therefore provide a chrono-

stratigraphical framework for the correlation and mapping of sedimentary facies and for 

stratigraphic prediction (Emery et al., 1996). 

4.4.3.1 DIONISOS FLOW MODELLING 

Dionisos Flow is a deterministic 4D stratigraphic forward modelling tool developed as part of a 

PhD project at Université de Rennes in France (Granjeon, 1997; Granjeon and Joseph, 1999), 

with the software now owned and operated by Beicip-Franlab. The model aims to simulate the 

geometry and facies of sedimentary units over regional spatial scales from several tens of 

kilometres to hundreds of kilometres and over geological time scales from tens of thousands 

of years to hundreds of millions of years, in a sequence of time steps (Granjeon, 1997; Granjeon 

et al., 1999; Granjeon, 2014). It is a diffusion process-based simulation model that can account 

for sea-level change, tectonics (e.g. subsidence, flexure, compaction, and salt diapirism), 

sediment supply (e.g. basement and sediment erosion, fluvio-deltaic siliclastic input, carbonate 

production, and evaporite precipitation), and sediment transport (e.g. rivers, waves, and 

Academic Licence. Not for commercial 
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gravity flows) (Leroux et al., 2015). The model assumes that enhancing of local-scale transport 

processes leads to a large-scale fluvial transport equation, which can be written in the form of 

a diffusion equation. In all simulations carried out for this project, the eustasy curve was 

obtained from Haq et al. (1988) and later manually modified by a significant sea level rise 

associated with the London Clay marine transgression. 

4.4.3.2 DATA INPUT AND SIMULATION SETTINGS 

The initial set up for the model requires a bathymetry map of the basin. This was not available 

for the research area therefore one had to be created. A bathymetric map can be drawn in 

Dionisos Flow itself but the palaeosurface map generated in MOVE was deemed fit for purpose 

and used throughout the modelling process. 

In this way the research area was treated as a basin and was simulated as a rectangular grid 

(10 km x 30 km) with a 500 m x 500 m and later 200 m x 200 m mesh. The first deposits are 

dated about 55 Ma (pre-deposition of the Harwich Formation) with simulation culminating at 

53 Ma (estimated time for closing of the Transgressive System Tract (TST) corresponding to the 

top of the London Clay Unit A2). The time-step was set to 0.5 Ma. 

SEDIMENT CLASSES AND PROPERTIES 

The guideline of the model workflow requires definition of sediment classes and properties. 

The default options were updated, and final fractions were represented by cobbles, gravels, 

coarse sand, sand, silt, and clay. The fractional proportions were estimated from the PSD 

analysis and the average percentages of each of these fractions were used (Table 4.2). The 

grain sizes and corresponding particle densities are based on Wentworth’s Grain Size 

Classification provided by Beicip-Franlab (Figure 4.20). 
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Table 4.2. Sediment classes & properties parameters used for the Dionisos Flow Model. 

Fraction Maximum grain size 

(mm) 

Solid density 

COBBLES 200 2750 

GRAVEL 64 2710 

COARSE SAND 2 2690 

SAND 0.25 2675 

SILT 0.04 2660 

CLAY 

 

0.004 2600 

 

 

Figure 4.20. Grain size and density guide provided by Beicip-Franlab. 

 

STRUCTURAL EVOLUTION 

Structural evolution allows the user to define the time frame for the model, substratum 

properties, incorporate initial bathymetry, calculate subsidence rates and total sediment 

thickness.  If known, significant surfaces of the modelled sequences can also be defined as Time 
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Markers. These are especially useful when compared with geophysical well data that 

complement the calibration process.  

The simulated time domain, 55 Ma and 53 Ma, illustrates the full extent of the London Clay 

Transgression with the focus on its early stages during which the Harwich Formation was 

deposited. Within the research model five Time Markers were chosen (positioned every 0.5 

Ma) but in the absence of geophysical well data these were used for visual effect only.  

EUSTASY 

The key role of global sea level – first defined as Eustasy by Suess (1906) – as a critical 

component in basin-margin development and its control on accommodation space and 

sediment distribution was recognised in late 19th century (Newberry, 1874 after Harris et al., 

2016) and followed by modern conceptual sequence stratigraphic models (e.g., Posamentier 

et al. 1988; Posamentier and Allen 1999; Catuneanu et al. 2009). Their models emphasize the 

rate of relative sea-level change (eustasy and tectonism) as the principal control on sediment 

distribution, supported by geometric, physical, and numerical sediment transport modelling 

experiments (Burgess et al. 2006; Sømme et al. 2010; Granjeon 2014). 

Dionisos Flow assists with defining Eustasy based on Long Term and Short Term curves (Haq et 

al., 1988 and Haq, 2014). When several curves are combined, a Composite Curve is created 

which is then used for modelling calculations. The initial low magnitude approximation of the 

global sea level rise was found to conflict with local estimations and was therefore manually 

increased to 100 m and 200 m, following several trial simulations. The example of a manually 

modified Haq’s curve used for the model is shown below (Figure 4.21). 
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Figure 4.21. The modified Composite curve (red coloured) (based on Haq et al., 1988 and Haq, 2014) 
used for the Dionisos Flow sequence stratigraphic model. The User defined curve is marked in blue. 

 

SEDIMENT SUPPLY AND ACCOMMODATION SPACE 

The sediment supply depends on the size of sediment source (provenance) and erosion rate. 

The available accommodation space is controlled by tectonic subsidence and uplift, global sea-

level change (eustasy) and compaction. The interplay of these factors in space and time 

provides crucial information for identifying tectonic and environmental conditions which 

occurred during the basin’s formation, and dictate type, size, lifespan and sediment 

preservation potential of sedimentary basins (Leeder, 2011; Ingersoll, 2011; Allen and Allen 

2013). 

In active tectonic settings that are characterized by high uplift rates, the increase in 

accommodation space is more limited than in subsiding areas (Seard et al., 2013). The research 

area forms a central part of the London Basin that in terms of basin formation mechanisms can 
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be classified as intracratonic3 as well as a sporadically tectonic – pull-apart type of basin. 

Intracratonic type is characterised by being usually long-lived (>200 Ma) and relatively slow (<2 

km/Ma), often covering larger areas (< 150,000 km2); tectonic subsidence of basins associated 

with strike-slip faults is typically short-lived (<10 Ma) with rapid bursts of subsidence usually 

exceeding 2 km/Ma (Lee et al., 2019). Following Aldiss et al. (2014) the London area is currently 

characterised by subsidence rates estimated to range from 0.9 to 2.1 mm a-1. Subsidence in 

Dionisos Flow is calculated using unit thicknesses and expected bathymetries. The subsidence 

rate adopted during simulations was set automatically to nearing 0.5 km/Ma.  

The volume of sediment supply was estimated from stratigraphic model automatically as 0.01 

km3 Ma-1. Trial simulations showed this to be insufficient and therefore was later increased to 

1, 2, 5, and 10 km3 Ma-1. The example below (Figure 4.22) presents a 5 km3 Ma-1 scenario. The 

associated fluvial discharge was calculated accordingly, knowing that the pre-defined sediment 

concentration within the water column was 0.098 kg/m3.  

 

 

Figure 4.22. The example of sediment supply settings with increased sediment input of 5km3 Ma-1 and 
two sediment sources (South S1 and North S2). 

 
3 Intracratonic – located within a craton (large stable block of the earth's crust forming the nucleus of a continent) 
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TRANSPORT PROCESSES 

The transport processes in Dionisos Flow are calculated and simulated using diffusion 

equations. The base assumption of this concept is that, over long periods of time, sediment 

distribution is proportional to the local basin slope, water discharge, and a coefficient that 

indicates how easily a given sediment type can be transported. Sediments with smaller grain 

sizes are more easily transported and, as such, have higher transport coefficients. Historically 

this method has been tested and proven by numerous experiments (e.g. Culling, 1960; Begin 

et al., 1981; Trofimov and Moskovkin, 1984; Paola et al., 1992; Granjeon, 2014).   

In Dionisos Flow this concept is applied in a 4D numerical cube where the equation below (eq. 

2) is solved for every cell in each time step:  

Qs = (Kwave * Ewave + Kslope + Kwater * Qw
n) * Sm  (eq. 2) 

Where the volume of sediment to be transported Qs [m3 s-1] is controlled by the dimensionless 

local water discharge (Qw), the dimensionless local gradient of the basin slope (S) (Granjeon, 

2014; Harris et al., 2016), and the Ewave (wave energy) proportionally to its diffusion coefficients 

(Kwater, Kwave, and Kslope). Following Granjeon (2014) these coefficients are defined using a 

geometrical rule (see eq. 3) assuming that: (a) sediment transport is controlled by a linear 

slope-driven/non-linear water-driven diffusion law and (b) the fluvial equilibrium slopes, where 

Qs,o is the sediment inflow (m2s−1); Qw,o is the dimensionless water inflow; Seq is the fluvial 

equilibrium slope. The n and m are exponents with values between 1 and 2 that affect sediment 

transport capacity (e.g., Prosser and Rustomji 2000 after Harris et al., 2016 and Hawie et al., 

2016) but care must be taken when applying values above 1.5 which may result in instabilities 

and errors due to conflict between neighbouring cells with transport efficiency varying too 

drastically.  

Kw = Qs,o/ Qn
w,o * Sm

eq (eq. 3) 

The model requires for the diffusion coefficients to be defined for each sediment class and 

depositional environments (continental and marine). This is also true for the Non-linear 

Diffusive Transport Law. The only difference is that non-linear transport allows to be 

accentuated the transport effectiveness between cells according to the water discharge or the 

slope. For instance, in linear diffusive transport, the water-driven transport efficiency in a cell 
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will double if the water discharge doubles. With the non-linear diffusive transport, in the same 

cell, the water-driven transport efficiency may increase exponentially if the water discharge 

increases. According to Beicip-Franlab (email communication, 6th November 2020) this is 

especially useful for simulations of channelised flows in which most sediments are transported 

along well-defined streams, as the transport efficiency will vary drastically between cells with 

high water discharge and low water discharge.  

The sediment transport rate was further defined as the minimum of the transport capacity and 

availability of the grain-size fraction. Sedimentation and erosion rate of each grain-size fraction 

at each point of the basin is computed from the mass conservation equation and the actual 

sediment flux (Granjeon, 2014). Both available estimation tools for transport coefficients (one 

for high-energy and another for low-energy) have been simulated during numerous trials. The 

basement of the modelled basin was set to either ‘stable’ or ‘behaves as sediment’ mode and 

the uniform weathering rate was ranging between 5 and 100 m Ma-1. 

POST PROCESSING – FACIES DEFINITION 

Following the model completion, the post-processing application allowed for definition of 

several sedimentary facies. Facies were characterised, using different output properties of the 

simulation and the knowledge about the basin, and interpreted in terms of depositional 

environment. A total of five facies have been recognised based on their major lithological 

fraction (given as a percentage range) and where possible, proximity to the shore (i.e. 

shoreface may be defined as any sediment deposited with a water depth between 0 and 20 

m). The undefined leftover sediment is automatically assigned to Unknown facies. The final 

step of post-processing is the extraction of net-to-gross facies maps.  

4.5 SUMMARY 

The selection of methods described above was found to represent a broad spectrum of 

traditional and modern tools crucial to deciphering the Harwich Formation depositional 

character. This project allowed for the development of a greater understanding of its 

distributional patterns and highlighted its key characteristics including their localised 

discrepancies. Based on visual borehole interpretations and in-situ inspections complemented 

with laboratory analysis and computational predictions, the project aims to provide industry 

with simplified lithological subdivisions of the Harwich Formation. A key outcome of this 
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methodology is, therefore, that a multidisciplinary approach using a variety of methods in 

combination is the most effective way forward.  

Chapter 5 provides a comprehensive overview of the results obtained during field/site visits 

and subsequent laboratory analysis using the methods highlighted in Section 4.3. The results 

of computational modelling explained in Section 4.4 are showcased in Chapter 6, with 

discussion on their interpretations presented in Chapter 7.
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CHAPTER 5  

5. IN-SITU OBSERVATIONS AND EXPERIMENTAL RESULTS 

The previous Chapter 4 explored various techniques used to achieve the goals of this research. 

Chapter 5 presents details of the observations carried out in the field and subsequent 

laboratory test results. During early stages of the log revision process, it became evident that 

five types of sediments can be distinguished, and these formed the basis to differentiate five 

litho-facies types. Each facies type was identified as representing sediments most similar 

lithologically i.e., sharing characteristics such as grain size, overall appearance, mineral 

composition, and condition of formation. On this basis the initial draft of the facies was created 

(Table 5.1.) and further analysis was designed to validate the applied divisions. Facies selection 

criteria that aided identification of the newly defined facies (HWH1-HWH5) during core logging 

and field assessment are detailed in Table 5.2. 

The locations of all visited sites including seven field exposures, four shaft visits and one ground 

investigation are shown in Figure (5.1). The details of the logged sections and results obtained 

from analysis of sampled materials have played a key role in drawing of final interpretations. 

Within this chapter, Sections 5.1, 5.4, 5.5.2 and 5.6 are submitted for publishing whole or in 

part by Edgar et al., (2021). 

 

Figure 5.1. Fieldwork and sampling locations in London, Kent and Essex. Ordnance Survey Data © 
Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 
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5.1 FACIES DEFINITION 

The Harwich Formation represents a varied set of lithologies and was considered by Ward 

(1995) and Collinson and Cleal (2001) to represent a group of sediments thought to be of equal 

age rather than true lithostratigraphic units. The complexity of each individual member within 

the sequence of the Harwich Formation makes it difficult to undertake a purely lithology-based 

classification (King 2016) but five principal facies types can be distinguished (Table 5.1) based 

on detailed visual descriptions (in accordance with BS5930 – BSI, 2015) reinforced with PSD 

analysis presented in Section 5.5.2 of this Chapter. The proposed facies code names HWH1-

HWH5 are chosen to reflect the British Geological Survey (BGS) code assigned to Harwich 

Formation (BGS, 2016). The key points of description and interpretation for each of the facies 

are summarised below. 

• DESCRIPTION: HWH1 – (supplementary name: BLACKHEATH FACIES) The HWH1 facies 

is represented by black, well-rounded, flint gravel (and cobbles) with thin beds and lenses of 

fine non-glauconitic sand. The isolated occurrences of glauconite are linked to translocation 

from overlying HWH5 facies, interburrowing when underlain by Upnor Formation or possibly 

the erosion of Greensand Formation from the Weald (the origins have not yet been 

established). Large-scale cross-bedding, imbrication of clasts, white spots, gravel channels, 

very strong conglomerate, marine and brackish fauna are often noted within this unit. 

Erosional surface – locally deeply incised or channelled.  

INTERPRETATION/ENVIRONMENT: Large-scale cross-bedding and imbrication of clasts implies 

a high energy marginal-marine conditions and could help to identify the direction of the paleo-

flow. The distinct feature of this facies are white spots on the gravel clasts (see Section 1.2.1 

for details). Roundness of the black flint gravel indicates prolonged period of transport, possibly 

on the beach with insufficient sediment input. According to Clements (2012) it is possible that 

these gravels have been reworked from Upnor Formation (Lambeth Group) and then 

redeposited at the base of the marine succession. The mixture of marine and brackish fauna 

(mostly macrofossils – bivalves including oysters and gastropods) points towards tidal 

processes influencing the deposition. Increasing number of channel like features originally 

interpreted as estuarine/tidal origin (King, 2016) are now considered to have formed near the 

faults (in a form of localised fault-controlled accommodation space). The localised occurrence 

of conglomerates is thought to represent transgressive lag deposits, which initially formed as 
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the beach-face migrated inland, marking the ancient shoreline, or cemented ‘channel’ fill 

possibly located in the accommodation space created by active faulting. These are 

distinguished from other conglomerates within the Formation (i.e., facies HWH4) based on lack 

of glauconite and coarser nature of matrix typically containing sandier fraction. The abundance 

of flints (loose and cemented) is highlighted here as a potential hazard to tunnelling operations 

because of their extremely strong nature (Aliyu et al. 2017; Aliyu et al. 2019). 

• DESCRIPTION: HWH2 – (supplementary name: BLACKWALL FACIES) the unit consists of 

non-glauconitic fine sand and slightly gravelly fine sand. The sand unit is considered equivalent 

of King’s (2016) Blackheath Formation. Generally flat-bedded or bioturbated, with small-scale-

channelling and thin clay drapes, common burrows (including Ophiomorpha), and dispersed 

flint gravel clasts are frequently noted at the base forming an erosional surface (Hooker, 2010; 

King, 2016). In some parts of central London, the layer is cemented, forming calcareous slightly 

shelly sandstone with rare gravel and reworked glauconite content concentrated within thin 

laminae. 

INTERPRETATION/ENVIRONMENT: The depositional environment is interpreted as mainly 

marginal marine and estuarine, however, the appearance of thin clay drapes could indicate 

periods of a relatively stable/quiet water column or deposition in isolated small depressions 

within the complex geometry of the estuary. 

• DESCRIPTION: HWH3 – (supplementary name: OLDHAVEN FACIES) this facies is 

composed of well-sorted, glauconitic, fine sand. Cross-bedding, laminations, shell beds and 

lenses, thin clay layers and argillaceous limestones are present throughout. The basal contact 

is erosional, often with a gravelly layer at the base, interpreted as an omission surface (King 

2016). The unit has a discontinuous distribution, partly filling erosional channels. Very weak to 

moderately strong sandstone concretions are often locally present forming significant, semi-

continuous layers.  

INTERPRETATION/ENVIRONMENT: The sedimentary features, indicate slow sedimentation 

interpreted to be tidal in origin; the presence of occasional to frequent shells (marine bivalves 

and gastropods) and flint gravel lenses/horizons could be interpreted as the evidence of 

infrequent storm activity. The sedimentary features support a shallow marine-inner neritic to 

marginal marine-depositional environment interpretation proposed by King (2016) with the 
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coarser base layer representing gravel lag deposit. Sands containing substantial amounts of 

shell material are typically recognised as highly compressible soils due to the susceptibility of 

their porous and assorted fabric to collapse under loading (Kong and Fonseca 2019).  

• DESCRIPTION: HWH4 – (supplementary name: BATTERSEA FACIES) this facies is 

composed of glauconitic, silty, sandy gravelly to very gravelly clays and clayey gravels with 

occasional shell fragments (mostly too fragmented to identify with rare intact marine bivalves 

recorded) in places cemented to form conglomerates. The base is a sharply defined, erosional 

surface and is often burrowed into underlying Lambeth Group deposits (usually Upper Shelly 

Clay). The unit is considered equivalent of King’s (2016) Blackheath Formation. It is commonly 

recorded in central London with some occurrences in the East and South East of London. It 

does not form a continuous layer but rather shallow channels (<1 m). Where identified in 

borehole logs it is usually assigned to the base of Swanscombe Member or Blackheath 

Member. The possible source of the clay matrix of HWH4 is linked to the deposition of overlying 

layer (facies HWH5) which later infiltrated into the underlying permeable gravels (facies 

HWH1). 

INTERPRETATION/ENVIRONMENT: Based on the presence of conglomerate, marine bivalves, 

and occurrence of glauconite the environment of deposition is interpreted as marginal marine; 

the abundance of clay however may also indicate deposition within estuary or river-mouth 

lagoon.  

• DESCRIPTION: HWH5 – (supplementary name: SWANSCOMBE FACIES) composed of 

glauconitic to highly glauconitic sandy to very sandy clays and clayey sandy silts, but some parts 

are glauconite- free. Shell debris and lenses are common and scattered black well-rounded 

flint gravel is usually present at the base. Lignite content and foraminifera are often recorded. 

Cemented layers of weak to very strong calcareous siltstones and mudstones are locally 

present but form a discontinuous layer and are irregular in shape and size. They usually contain 

coarse sand- to coarse gravel- sized shell debris. The base of this layer is erosional and referred 

to as an interburrowed omission surface (King 2016). 

INTERPRETATION/ENVIRONMENT: The recorded occurrences of HWH5 facies are interpreted 

as equivalent to King’s (2016) Swanscombe Member. This glauconite-rich interval with strictly 

marine fauna represents a sudden deepening in water depth, following the end of the Lambeth 



Chapter 5: In-Situ Observations and Experimental Results 

126 
 

Group deposition. The mechanism for development of irregularly formed cemented layers is 

uncertain and may be either a syn- and/or a post-depositional effect of fault 

activity/reactivation during basin inversion. Based on the lithological and faunal characteristics 

(presence of glauconite, marine bivalves and foraminifera), this unit indicates marine 

conditions.
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Table 5.1. Summary of the newly defined facies and their lithological characteristics within the Harwich Formation deposits. 

FACIES 

NAMES 

FACIES 

 

FACIES DESCRIPTION 

 

CORRESPONDING 

BGS LEXICON NAME 

(CODE) 

FEATURES/SEDIMENTARY 

STRUCTURES 

BASAL 

BOUNDARY 

ENVIRONMENT OF 

DEPOSITION 

HWH1 Non-

glauconitic 

GRAVELS 

Well-rounded flint gravel (could 

be sandy) locally clast 

supported with thin beds and 

lenses of fine non-glauconitic 

sand; conglomerates 

Blackheath Member 

(BLB) 

Large scale cross-bedding, 

imbrication of clasts, white 

spots, gravel channels, 

conglomerates, brackish 

fauna 

Erosion 

surface – 

locally deeply 

channelled 

Shoreface; Marginal 

marine (estuarine or 

coastal embayment); 

channels are probably 

estuarine or located 

near the faults; 

conglomerates – 

longshore 

trough/transgressive 

lag/beach deposit 

HWH2 Non-

glauconitic 

SANDS 

Non-glauconitic fine to medium 

sand and slightly gravelly sand; 

sandstones 

Blackheath Member 

(BLB) 

Flat-bedded or bioturbated, 

small-scale-channelling, thin 

clay drapes, burrows, shell 

fragments, dispersed flint 

gravel at base 

Erosional, 

usually 

gravelly 

horizon 

Shoreface; Marginal 

marine (estuarine, 

tidal or transgressive 

sand sheet) 

HWH3 Glauconitic 

SANDS 

Mainly fine well-sorted, 

glauconitic sand with frequent 

shell fragments; 

sandstones/shelly sandstones  

Oldhaven Member 

(OH) 

Cross-bedding, laminations, 

shell beds and lenses, thin 

clay layers and argillaceous 

limestones, gravel at the 

base 

Erosional, 

often with 

gravelly lag at 

the base, 

sometimes 

forms 

channels 

Shallow marine - 

marginal marine; with 

significant tidal 

influence 
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HWH4 Glauconitic 

gravelly 

CLAYS and 

clayey 

GRAVELS 

Usually glauconitic, silty, sandy, 

gravelly to very gravelly clays 

and clayey gravels with 

occasional shell fragments 

Blackheath Member 

(BLB) 

Locally weakly to strongly 

cemented conglomerates 

Erosional 

surface, 

burrowed 

into 

underlying 

strata 

Marginal marine 

(estuarine channels or 

lagoon) 

HWH5 Glauconitic 

sandy CLAYS 

Glauconitic, sandy to very 

sandy silty clays and clayey 

sandy silts, with shell 

debris/lenses/horizons, 

scattered black well-rounded 

flint gravel at the base, some 

lignite content, foraminifera 

and cemented layers locally 

present 

Swanscombe 

Member (SWCB) 

Abundant glauconite content 

throughout and/or 

contained within 

pockets/partings; some parts 

may be glauconite free; shell 

lenses/horizons and 

glauconitic partings usually 

follow bedding 

Erosional; 

omission 

surface 

Proximal; Shallow 

marine - inner- to mid- 

shelf 
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Table 5.2. Summary of the Facies selection criteria used during core logging and field assessment. 

FACIES 
CODE 

SUPPLEMENTARY 
FACIES NAME 

MAIN 
FRACTION 

ASSOCIATED 
HARD GROUND  

CHARACTERISTIC 
FEATURES 

PRESENCE 
OF 

GLAUCONIT
E 

FAUNA SHELL 
FRAGMENTS 

LOCATION IN 
LONDON 

BOUNDARY 
WITH STRATA 

BELOW 

BOUNDARY WITH 
STRATA ABOVE 

1 2 3 4 5 6 7 8 9 
HWH1 BLACKHEATH 

FACIES 
GRAVEL 
(black, well-
rounded 
flint) 

CONGLOMERATE 
(strong) 

white spots, bioturbation NO (unless 
reworked) 

brackish 
+ marine 

bivalves (incl. 
Oysters -
exclusive to 
HWH1) and 
Gastropods 

South East + 
Central 

Erosive, 
commonly 
incised channel 

change in lithology4 

HWH2 BLACKWALL 
FACIES 

Fine-
Medium 
SAND 
(poorly 
sorted) 

SANDSTONE channelled/fault bounded, 
gravelly base 

NO (unless 
reworked) 

brackish 
+ marine 

bivalves and 
gastropods 
(fragmented) 

East Erosive, 
gravelly/shelly 
base/lignitic 
debris 

change in lithology 

HWH3 OLDHAVEN 
FACIES 

Fine SAND 
(well sorted) 

SHELLY 
SANDSTONE/ 
SANDSTONE 

glauconite, cross-
laminations, abundant 
shell fragments 

YES mostly 
marine 

bivalves and 
gastropods 

North 
East/East - 
rare patches 
in Central 

Erosive, gravelly 
horizon or 
colour/lithology 
change 

change in lithology 

HWH4 BATTERSEA 
FACIES 

GRAVELLY 
CLAY/ 
CLAYEY 
GRAVEL 
(black, well-
rounded 
flint) 

CONGLOMERATE 
(typically weak) 

glauconite, shell fragments 
often fragmented 

YES marine - 
often too 
fragment
ed to 
identify 

fragmented 
shells - rare 
intact bivalves 

Central and 
East 

Erosive, 
gravelly, change 
in colour and 
lithology 

could be gradual if 
not lithified as clayey 
matrix could be from 
the layer above 

HWH5 SWANSCOMBE 
FACIES 

SANDY CLAY CLAYSTONE/ 
SILTSTONE/ 
SANDSTONE 

glauconite content 
(sometimes forming 
pellets), shell fragments, 
lignite, bioturbation and 
foraminifera 

YES strictly 
marine 

bivalves (incl. 
Astarte - 
exclusive to 
HWH5) 

Throughout Erosive - thin 
gravelly horizon 
or sharp colour 
and lithology 
change, 
interburrowed 

often gradual/ 
transitional change 
into the London Clay 
Fm (A2) 

 

 

 
4 Change in lithology – visible change in colour, grain size, texture and composition of the material. 
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5.2 FIELD EXPOSURES 

As briefly discussed in Chapter 2, the Harwich Formation forms a set of relatively thin 

sediments exhibiting a considerable regional variation. Inside the boundaries of the research 

area this variation, can be difficult to observe due to rarity of exposures and overall lack of 

permanent sections. The field exposures presented below are located in the areas of Kent and 

Essex (Figure 5.1) where the thicknesses of Harwich Formation deposits are often greater. 

These sites were chosen to demonstrate the diversity of the lithologies, and its relationship to 

geographical distribution. Sites located to the north of the Thames Estuary expose distal facies 

(composed of finer sediments) whilst those outcropping in the south side are mostly proximal 

in origin (sands and gravels).  

It was recognised from the beginning that the exposures of any geological strata in London are 

rare and that the project will benefit mostly from freshly cored material that was made 

available through Concept Engineering Consultants during Nine Elms GI. Of particular 

importance was the commencement of the Thames Tideway Tunnel construction, for which 

permission was granted to visit four shaft excavations that allowed observations of the Harwich 

Formation deposits in-situ. These exposures were only accessible for a very short slots of time 

but provided a unique window into vertical and lateral development of the facies present.  

ABBEY WOOD FOREST – LESSNESS (October 2015 and 2017) [Location: TQ480786] 

Lessness Shell Bed (Cooper, 1976) forms a part of newly defined Blackheath Formation 

(Hooker, 2010; King, 2016) officially known as Blackheath Member (BGS, see Figure 2.2, 

Chapter 2). This bed is subject to annual excavation by Tertiary Research Group (Figure 5.3) in 

search for mammal fauna (Figure 5.5) for which the Abbey Wood site is best known. The 

outcrop represents a section of sediments from Late Cretaceous (Chalk Group) to Early Eocene 

(Blackheath Member). 

Blackheath Member at Abbey Wood 

The Blackheath Member here consists mainly of non-glauconitic sandy gravel with underlying 

sand bed containing shell rich horizons in which vertebrate fossils are common. According to 

Hooker (2010) the succession reflects the morphology of the incised valley. A graphic log 

section based on Hooker (2010) is presented in Figure 5.2. The strata exposed within the woods 
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(Figure 5.4) reveals a complex sedimentation pattern of the following succession (from the 

base upwards): 

Unit A: Thickness ~4 m. Light brown to white, thinly bedded fine non-glauconitic SAND with 

gravelly base or clay clasts in places and Ophiomorpha burrows (Hooker, 2010). Gravel is 

grey/black well-rounded fine to coarse flint.  

Unit B: Lessness Shell Bed; thickness ranging from 0-2 m. Light brown slightly gravelly fine to 

medium SAND with frequent shell fragments and occasional mammal fossils. Gravel is 

brown/grey/black well-rounded fine to coarse flint. The bed is discontinuous throughout the 

site and forms large lenses/pockets. The presence of small faults and draping within this bed 

was reported by Hooker (2010) as an evidence indicating that this bed was not deposited in a 

single event. 

Unit C: Interdigitating white fine non-shelly ‘buff’ SAND. 

Unit D: Thickness up to 25 m (Dewey et al., 1971; Hooker, 2010). Brown/grey to black, slightly 

sandy to sandy rounded to well-rounded fine to coarse non-glauconitic flint GRAVEL and 

greyish brown, gravelly fine to coarse non-glauconitic SAND with occasional shell fragments. 

Gravel is brown/grey to black, rounded to well-rounded fine to coarse flint. 

 

 

Figure 5.2. Graphic log section from Lessness Abbey Woods (redrawn from Hooker, 2010). 
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Figure 5.3. Excavation of the Lessness Shell Bed, Tertiary Research Group annual excavation, October 
2015. 

 

 

Figure 5.4. Excavation of the Lessness Shell Bed, October 2015.
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Figure 5.5. Mammal fossils found within Lessness Shell Bed. October 2015 (a) and 2017 (b – possibly 
mammal tooth fragment/denticle, c – mammal bone fragment). 

 

GILBERTS PIT, CHARLTON, SE LONDON (April 2015) [Location: TQ419786] 

The site previously known as Charlton Sand Pit was used for sourcing sand, gravel, chalk and 

clay for construction materials and glass making manufacturers. The exposure was granted SSSI 

status in 1960s and is widely recognised as one of the finest sites of geological interest in 

London area (Clements, 2012). The outcrop represents a succession of Paleogene strata 

comprising Thanet Sand (Montrose Group), Upnor, Woolwich (Lambeth Group) and Harwich 

Formations (Thames Group). Detailed graphic sedimentary log is presented below (Fig. 5.6 

after J. A Skipper in Clements, 2012). The section was recently cleaned of scree, set up with 

new access route and steps, and reopened to the public in 2016. 

Blackheath Member at Gilberts Pit 

The Harwich Formation is represented here by Blackheath Member only (Figure 5.7 and 5.8). 

The unit consists mainly of black well-rounded flint gravel locally clast supported but usually in 

a matrix of non-glauconitic silty fine sand becoming more clayey towards the base with some 

inclusions of shelly material in places. Where clast supported (Figure 5.8) imbrication of the 

pebbles is possible to observe. The base of the unit is sharply defined by irregular, erosive 

contact with the Woolwich Formation. The visual inspection of pebbles reveals their 

characteristic feature of white pock marks (chatter marks) which according to Clements (2012) 
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and others (Edgar et al., 2021) are thought to have been formed by pressure contact and minor 

solution between the clasts possibly during sub-aerial exposure, and this has been confirmed 

by thin section microscopy (Skipper, unpublished data). The lack of white cortex (common 

when freshly eroded from Chalk) has been removed and the extreme rounding implies a 

prolonged period of transport, most likely on the beach starved of supply (Clements, 2012). 
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Figure 5.6. Graphic log section from Gilbert’s Pit (after J. A. Skipper in Clements (2012)).
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Figure 5.7. Gilbert’s Pit, Charlton, exposure of Blackheath Member, April 2015. 

 

 

Figure 5.8. Gilbert’s Pit, Charlton, exposure of Blackheath Member showing some clast-to-clast contact 
and localised imbrication of clasts, April 2015.
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BISHOPSTONE GLEN, HERNE BAY (July 2019) [Location: TR206687] 

The cliff section stretching between Herne Bay and Reculver presents one of the most 

significant Paleogene exposures in the London Basin also described as the best and most 

accessible section of Lower Tertiary strata in the south-east of England (Ward, 1978). The site 

consists of cliff and foreshore exposures extending from the east side of the town of Herne Bay 

(TR193685) north-eastwards towards Reculver (TR224693) (Daley & Balson, 1999). The strata 

dips gently to the west (at ~3o) exposing upper part of Thanet Sand Formation to the lower 

part of the London Clay Formation.  

Two locations were examined at Bishopstone Glen, Herne Bay, North Kent (marked L1 and L2, 

see Figure 5.9).  

The section marked as L1 (see also Figure 5.10), was logged from the base upwards and 

recorded lithology is as follows: 

Bed 1 – (0.95 m exposed, base not proven). Description: Yellowish brown, fine to medium 

glauconitic SAND with black rounded to well-rounded fine to medium flint gravel scattered 

throughout (concentrated in burrows at the top of the unit). LAMBETH GROUP – UPNOR 

FORMATION. 

Bed 2 – (0.25 m thick). Description: Black well-rounded fine to coarse sandy GRAVEL. Sand is 

light brown (almost white - quartz dominant), fine. Gravel is flint, with white spots in places 

clast supported. Non – glauconitic. THAMES GROUP, HARWICH FORMATION – Blackheath 

Member – HWH1. 

Bed 3 – (0.25 m thick). Description:  Orangish brown faintly laminated very sandy CLAY with 

pockets/clasts (20/30 mm diameter) of stiff brownish grey mottled orangish brown clay, rare 

subrounded to rounded fine black flint throughout. THAMES GROUP, HARWICH FORMATION 

– Oldhaven Member – HWH3 

Bed 4 – (0.40 m thick). Description: Yellowish brown, fine to medium glauconitic SAND, with 

occasional subrounded to well-rounded fine to medium black flint gravel scattered throughout. 

THAMES GROUP, HARWICH FORMATION – Oldhaven Member – HWH3. 



Chapter 5: In-Situ Observations and Experimental Results 

138 
 

Location 2 (L2) (see also Figure 5.11) was logged from the base upwards and recorded lithology 

is as follows: 

Bed 1 – (0.95 m exposed, base not proven). Description: Yellowish brown, fine to medium 

glauconitic SAND with black rounded to well-rounded fine to medium flint gravel scattered 

throughout (concentrated in burrows at the top of the unit). LAMBETH GROUP – UPNOR 

FORMATION. 

Bed 2 – (0.25 m thick). Description: Black well-rounded fine to coarse GRAVEL with orangish 

brown clay matrix and pockets of light brown fine to medium sand. Gravel is flint, with white 

spots in places clast supported. THAMES GROUP, HARWICH FORMATION – Blackheath 

Member – HWH1. 

Bed 3 – (0.25 m thick). Description:  Orangish brown faintly laminated very sandy CLAY with 

pockets/clasts (20/30 mm diameter) of stiff brownish grey mottled orangish brown clay, rare 

subrounded to rounded fine black flint throughout. THAMES GROUP, HARWICH FORMATION 

– Oldhaven Member – HWH3.
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Figure 5.9. Bishopstone Glen exposure with sampling locations 1 and 2.
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Figure 5.10. Bishopstone Glen exposure, location 1 (L1 marked on Figure 5.9).
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Figure 5.11. A - Bishopstone Glen exposure, location 2 (L2 marked on Figure 5.9). B - close up of the 
Bed 2 comprising black well-rounded flint gravel with white spots. C - close up of Bed 1, with gravel 
infilled burrows near the top of the strata.



Chapter 5: In-Situ Observations and Experimental Results 

142 
 

RECULVER, HERNE BAY (July 2019) [Location: TR221691] 

Due to inaccessibility of the top of the cliff exposure some descriptions and measurements 

were updated with literature records (Daley & Balson, 1999; Ward, 1978) (Figure 5.14). The 

cliff section (Location 3 Figure 5.12) was logged from the base upwards and recorded lithology 

(Figure 5.13) is as follows: 

Bed 1 – (>5 m thick, base not recorded). Description: Yellowish brown, fine to medium 

glauconitic SAND with black rounded to well-rounded fine to medium flint gravel scattered 

throughout (concentrated in burrows at the top of the unit). LAMBETH GROUP – UPNOR 

FORMATION. 

Bed 2 – (0.25 m thick). Description: Black well-rounded fine to coarse sandy GRAVEL. Sand is 

light brown (almost white - quartz dominant), fine. Gravel is flint, with white spots in places 

clast supported. Non – glauconitic. THAMES GROUP, HARWICH FORMATION – Blackheath 

Member – HWH1. 

Bed 3 – (circa 1.50 m thick). Description:  Orangish brown to light brown laminated fine to 

medium SAND with rare shells. Glauconite grains concentrated along laminae (reworked). 

THAMES GROUP, HARWICH FORMATION – Oldhaven Member – HWH3. 

Bed 4 – (circa 5 m thick). Description: Yellowish brown to orangish brown, thinly cross-bedded, 

fine to medium glauconitic SAND, with frequent shell horizons (up to 200 mm thick; shell sizes 

80 mm diameter), tabular gypsum cemented nodules (100 mm diameter) and a bed of circa 

300 mm thick iron cemented sandstone. THAMES GROUP, HARWICH FORMATION – Oldhaven 

Member – HWH3. 

Bed 5 – (circa 3 m thick). Description: Dark greyish brown slightly sandy to sandy CLAY with 

rare black well-rounded flint gravel at the base of the unit. Frequent desiccation cracks visible 

throughout. THAMES GROUP, LONDON CLAY FORMATION – Unit A2.
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Figure 5.12. Strata exposed at Reculver, location 3.
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Figure 5.13. Strata exposed at Reculver, location 3.
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Figure 5.14. Graphic log showing strata exposed in the cliff and foreshore at Reculver, from Ward, 
1978.
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HARWICH, ESSEX [Location: TM263316 – TM263323] 

Prior to the construction of the protective breakwater and concrete promenade (in the 19th 

century) the site represented exposures of the lowest London Clay incl. Harwich Formation at 

the time recognised as the Basement Bed (Elliott, 1971; Daley & Balson,1999). The site is still 

regarded of particular importance, holding Geological Conservation Review (GCR)5 status for 

its fossil plant content and its stratigraphical significance in correlation of Paleogene 

successions offshore and onshore. The natural cliff exposures are no longer observable, except 

for the Harwich Stone Band (HSB) regularly exposed during low-tide on the upper foreshore 

(Figure 5.15 B). This most distinctive volcanic ash band of the Harwich Formation is described 

by Daley & Balson (1999) as tabular, very well lithified 200 mm thick ash band comprising 

angular, brown glass shards (some of which are streaky and resemble pumice) and crystal 

fragments (plagioclase and feldspar) (Elliott, 1971 after Daley & Balson, 1999). Alongside other, 

younger ash bands, HSB was also recorded in the neighbouring location of Wrabness, Essex. 

 

Figure 5.15.A – Harwich Promenade. B - Harwich Stone Band exposed during low-tide at Harwich 
Shore towards Stone Pier, photo by P. Pearson, source: essexfieldclub.org.uk (accessed: 2019). 

 

WRABNESS, ESSEX [TM171323 - TM174324] 

The cliff exposure at Wrabness represents one of the two stratotype sections of the distal 

facies of the Harwich Formation where the upper ~10 m is exposed (Daley & Balson, 1999; 

King, 1981; King; 2016; Ellison et al., 1994). Over 30 volcanic ash bands are traceable in the cliff 

 
5 Geological Conservation Review (GCR) established in 1977 by the Nature Conservancy Council, provides a public 
record of the features of interest in sites considered for notification as Sites of Special Scientific Interest (SSSIs) 
(Daley & Balson, 1999). 
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face, distinguished by the light creamy colour revealing weathered horizons, and 

approximately 300 mm thick band of HSB is exposed at the base of the cliff (Figure 5.16 and 

5.17). The sequence was described as follows: 

B1 – Harwich Stone Band – (300 mm thick). Description:  strong, semi continuous (Elliott, 1971) 

yellowish brown, calcareous (King, 1981) tabular SILTSTONE with dark grey discolouration 

towards the centre of the bed (Figure 5.16) - Central Ash Band which often exhibits graded 

bedding (Elliott, 1971). 

B2 – Wrabness Member – (~8 m thick – not proven). Description: (possibly stiff) greyish brown, 

silty CLAY and clayey SILT with frequent (>30) ~10 – 30 mm thick bands of argillaceous, volcanic 

ash composed of: light greyish brown to yellowish brown (bluish grey when fresh – Knox & 

Ellison, 1979) clayey slightly micaceous SILT. Occasional layers of argillaceous limestone 

concretions were also noted by King (2016). The very top of this stratum is glauconitic 

bioturbated sandy silt with frequent lignite fragments and scattered pebbles near the top (King, 

1981). 

B3 - London Clay Formation (Unit A2) Walton Member – (~1 m thick – not proven). Description: 

(possibly stiff) greyish brown, slightly sandy silty CLAY. 

 

 

Figure 5.16. A - Cliff exposure at Wrabness. B - Coloured strata highlighting Wrabness Member 
including numerous volcanic ash bands (dotted lines marked with A) and Harwich Stone Band at the 
base. 
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Figure 5.17. Harwich Stone Band (300 mm thick) exposed at the base of the cliff at Wrabness. *CAB - 
Central Ash Band - dark grey coloured horizon. 

 

WALTON-ON-THE-NAZE [Location: TM267245] 

Alongside Wrabness, Walton-on-the-Naze is regarded as the other one of the two stratotype 

sections exposing distal facies of the Harwich Formation and the base of the London Clay 

Formation (Daley & Balson 1999; King, 1981). According to King (1981) the Harwich Formation 

exposed here in the foreshore (Figure 5.18) can be correlated with the top of the Wrabness 

Member and its highest ash band observed at Wrabness and can be distinguished from the 

base of the London Clay A2 (Walton Member) based on the abundance of glauconite, lignite 

content and scattered rounded flint pebbles. All of these were recorded during the field visit 

with addition of occasional concretions of fine-grained sandstone. London Clay here is 
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described as: silty CLAY and clayey SILT, with sand partings and sand laminae at some levels 

and occasional beds of sandy silt (King, 2016). 

 

Figure 5.18. A - Cliff section exposed at Walton-on-the-Naze. Red Crag Formation (top half of the cliff) 
and London Clay Unit A2 - Walton Member (bottom half of the cliff) exposed in the cliff face, and the 
top of the Harwich Formation – topmost Wrabness Member - exposed on the foreshore with abundant 
glauconite content (B), lignite fragments, pyrite nodules (C) and scattered flint pebbles. 

 

5.3 NINE ELMS SITE INVESTIGATION 

5.3.1 OVERVIEW AND STRATA DESCRIPTIONS 

Over 8 weeks of data collection carried out during site investigation at Battersea provided an 

exceptional opportunity to collect samples from freshly cored material; 29 cable-percussion 

boreholes including 9 rotary follow-on boreholes (Figure 5.19), were drilled and all the 

materials logged in accordance with BS5930 and subsampled to provide a detailed ground 

model of the site (see Chapter 6). Prior to site works commencement a Drift Filled Hollow 

feature or similar structural anomaly was believed to be present in the eastern part of the site. 

At least five of such features were previously recorded by other site investigation projects in 
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the area (Banks et al., 2014). It was noted that the elevation of the top of London Clay 

Formation (averaging near to -4.50mOD) plunged by a maximum of nearly 6 m (SOMBH27A 

and SOMBH03) towards eastern side of the site and by circa 3 m in the south eastern part of 

the site (SOMBH09 and SOMBH11 - see Figure 5.19). In both instances recorded drop in 

elevation of the top of the London Clay surface was accompanied by the slight bulging 

(approximately 2 m) of the Harwich Formation deposits (evidence also noted by Toms et al., 

2016). 

The Harwich Formation was recorded in 9 cable percussion boreholes and 7 rotary cored holes, 

the summary Table 5.3 presents a brief overview of the Harwich Formation sediments 

recorded on site. Most of remaining 13 boreholes terminated in London Clay Formation 

without penetrating into the Harwich Formation deposits except for SOMBH13 where the 

Harwich Formation was recorded absent. 

A typical description of facies recovered at Battersea site were as follows: 

HWH5 - Very stiff, dark brownish grey (often slightly gravelly) slightly sandy silty glauconitic 

CLAY with rare shell fragments (<5 mm) and rare lignite fragments (<10 mm). Gravel is well-

rounded fine to coarse black flint. Gravel content <5%. 

HWH4 - Soft to very stiff, dark grey gravelly sandy CLAY with occasional shell fragments. Gravel 

is subrounded to well-rounded fine to coarse of black flint or dark grey to black clayey well-

rounded medium to coarse flint GRAVEL with frequent shell fragments. 

Where facies HWH4 would often be interpreted as Blackheath Member it is here considered 

to represent significantly different material in terms of lithology and engineering behaviour. 

The considerable amount of clay fraction indicates that this type of material will more likely 

behave like clay and its assignment to Blackheath Member should be reconsidered.
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Figure 5.19. Nine Elms borehole location plan with the top of the London Clay and Harwich Formation 
elevation variations (colour intensity scale see the key), Harwich Formation bulging (see the key) and 
suspected DFH features extent marked with dotted lines.
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Table 5.3. Summary of the Harwich Formation deposits, detailing elevation, core recovery and cemented ground (where found) recorded within Nine Elms GI 
boreholes. 

BH NAME TYPE ELEVATION 
(mOD) 

HARWICH FM 
facies type 

DEPTH (mbgl) LEVEL mOD RECOVERY CEMENTED GROUND  
(type + mOD) 

SOMBH01 CP 4.77 HWH4 np*6 37.65 – 37.90 -32.88 – -33.13 - - 

SOMBH02 CP + R 4.64 HWH5 and HWH4 36.70 – 36.75 
36.75 – 36.95 

-32.06 – -32.31 80% - 

SOMBH03 CP + R 3.36 HWH5 and HWH4 35.45 – 35.80 
35.80 – 36.00 

-32.09 – -32.64 Full - 

SOMBH04 CP 4.76 HWH5 and HWH4 
np* 

37.40 – 37.60 
37.60 – 38.00 

-32.09 – -32.64 - - 

SOMBH05 CP 3.46 HWH5 np* 36.50 – 37.00 -32.64 – -33.54 - - 

SOMBH06 CP + R 3.12 HWH5 and HWH4 35.40 – 35.50 
35.50 – 35.55 
35.55 – 35.62 

-32.29 – -32.51 57% Siltstone at  
-32.39 

 
6 np* - depth not proven 
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SOMBH07 CP 4.80 HWH5 38.50 – 39.50 -33.70 – -34.70 - - 

SOMBH09 CP + R 4.78 HWH5 + 2 36.95 – 37.50 
37.50 – 37.65 

-32.17 – -32.87 Full SNDST/CONGLOM at -32.72 

SOMBH10 CP + R 4.67 HWH5 + 2 37.55 – 38.60 -32.88 – -33.93 50% SNDST at -33.13 

SOMBH11 CP 4.77 HWH5 + 2 38.90 – 39.50 
39.50 – 40.00 

-34.13 – -35.23 - - 

SOMBH12A CP 4.35 HWH5 np* 36.50 – 37.35  -32.15 – -33.00 - - 

SOMBH13 CP 4.75 ABSENT - - - - 

SOMBH14 CP 4.69 HWH5 38.00 – 39.00 -33.31 – -34.31 - - 

SOMBH15 CP + R 3.87 HWH5 + 2 36.10 – 36.15 
36.15 – 36.20 

-32.23 – -32.33 75% - 

SOMBH16 CP + R 4.67 HWH5 37.80 – 38.20 -33.13 – -33.53 Full - 

SOMBH17 CP 3.88 LCA2/HWH5 36.50 – 37.50 -32.62 - -33.62 - - 
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Figure 5.20. Photographed sections of rotary cores with selected lithological features from the Harwich Formation sediments recovered during Nine Elms site 
investigation.
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Figure 5.20 presents a selection of images capturing sediments from various rotary cores 

highlighting uneven distribution of mostly bright dark green glauconite within HWH5 facies (D, 

E, F, J) concentrated in a form of pockets, partings, pellets that are often aligned with bedding 

(e.g. E), trapped within burrows but also grains scattered throughout the sediment (e.g. H, J). 

The gravelly clay/clayey gravel bed of HWH4 was frequently affected by the drilling procedure 

where the fines were either softened or flushed out (e.g. A, B, I), gravel broken up and recovery 

lost in the process (Table 5.3). Characteristic features such as roundness of gravel, shell 

fragments, foraminifera (e.g. B, E, F, K) and cemented parts (e.g. C) were frequently recorded. 

In some places HWH4 was not present and HWH5 (SWCB) was resting directly on top of 

laminated UPSCL (Figure 5.20, e.g. H). 

The cross-section and model from this site are both presented in Chapter 6 section 6.1. 

5.4 TIDEWAY SHAFT OBSERVATIONS 

KRTST SHAFT – KIRTLING STREET, BATTERSEA 

The Harwich Formation exposed in the KRTST shaft displayed a transitional boundary between 

the base of the London Clay Unit A2 and the top of the Swanscombe Member – facies HWH5. 

The HWH5 layer was distinguished based on gravel content (coarse fraction), pellets and 

partings of glauconite, rare shell fragments and overall increase in fine to medium sand 

content. The strata description is presented in Table 5.4. The base with the underlying Lambeth 

Group, UPSCL displayed erosive contact (Figure 5.21 and 5.23). The unusual sighting was that 

of a thin horizon (~50 mm thick) of shells (possibly Corbicula cuniformis or Astarte) recorded 

~1 m above HWH boundary within LCA2 (Figure 5.22). Unusual as London Clay Unit A2 is 

typically completely calcareous free (King, 2016). The depositional environment of this site is 

interpreted as marine and the shell horizon was probably deposited during a single storm 

event.  
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Table 5.4. Harwich Formation exposed within KRTST shaft. 

 

KRTST SHAFT - BATTERSEA 

FACIES CODE SEDIMENT TYPE THICKNESS 
(m) 

HWH5 Dark brownish grey, slightly 
gravelly slightly sandy silty 
glauconitic CLAY with rare shell 
fragments. Gravel is black, well-
rounded fine to coarse of flint. 
Sand is fine to medium. 

0.70 
 

Basal 
contact 

Burrowed boundary with UPSCL ~1.20 

 

 

 

Figure 5.21. Temporary exposure of the shaft wall within KRTST shaft (Photograph by Tideway). 
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Figure 5.22. KRTST shaft geology exposed in the observation pit dug in the invert of the shaft. 
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Figure 5.23. KRTST shaft erosional contact (marked by the gravelly horizon) between the Harwich 
Formation (top half of the photo) and Upper Shelly Clay (bottom of the photo). The vertical scale of the 
photo is ~ 1 m. Photo by T. Newman. 

 

CARRR SHAFT – CARNWATH ROAD, WANDSWORTH 

Inside the Carnwath Road shaft, the top of the Harwich Formation was recorded at ~59.5 m 

ATD (Above Tunnel Datum). The strata conditions exposed during CARRR shaft inspection 

recorded a 0.25 cm thick layer of weakly to strongly cemented conglomerate (see Figure 5.24) 

covering almost the entire floor of the shaft and possibly extending beyond as strata continued 

below the shaft lining. All clasts are well rounded, fine to coarse gravels and cobbles (up to 200 

mm in diameter) of black flint with the latter mainly recorded towards the middle of the shaft. 

The layer of conglomerate was overlain by gravelly slightly sandy to sandy CLAY with rare shell 

fragments with more sand fraction concentrated towards the saturated top of the strata. The 

layer was observed to be highly permeable, with constant seepage of water, mainly towards 

the base of the unit, near the contact with the non-permeable conglomerate below.  
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The overlying layer of the London Clay deposit exhibited numerous fissures (medium spaced) 

mainly NE/SW orientated, and these terminated on contact with the Harwich Formation below. 

The boundary with underlying Upper Shelly Clay reveals a sharp, erosive, occasionally 

burrowed contact. A brief overview of the shaft exposure is presented in Table 5.5 with 

simplified geological profile of the shaft presented on Figure 5.25.  

Following the shaft visit it became apparent that a visually comparable gravelly clay layer was 

previously recorded in Nine Elms, Battersea area (though as a result of drilling process was 

often recovered without the fine fraction) and could now be correlated. Due to high gravel 

content and scarcity of glauconite (possibly reworked), the underlying conglomerates were 

initially separated and assigned to HWH1 facies. Previous studies of this area (King, 2009a) 

indicated that based on lithology and stratigraphic context these conglomerates were formed 

within incised channels (>2 m thick) and considered as a lateral development of Blackheath 

Member. Yet, these observations have been made based on borehole records solely where the 

thicknesses of this particular interval can be deceptive, frequently affected by the recovery loss 

of the fines. Direct observations from the shafts complemented with available borehole data 

confirm this rather localised shallow channels of conglomerate with average thicknesses 

ranging between 0.20 m and 0.50 m. Further findings supported by laboratory analysis led to 

conclusion this layer forms cemented base of HWH4 facies (see discussion in Section 5.6 of this 

chapter).  
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Table 5.5. Harwich Formation exposed within CARRR shaft. 

 

CARRR SHAFT - WANDSWORTH 

FACIES CODE SEDIMENT TYPE THICKNESS 
(m) 

HWH4 Greenish grey, gravelly slightly 
sandy to sandy glauconitic CLAY 
with rare shell fragments. Gravel is 
well-rounded, fine to coarse flint. 
Sand is fine to medium. 

0.30 
 

HWH4 Weakly to strongly cemented 
CONGLOMERATE. Clasts are black, 
well-rounded fine to coarse gravel 
size flint in clayey sandy matrix. 
Sand is fine to medium. 

0.25 

Basal 
contact 

Burrowed boundary with UPSCL Not proven 
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Figure 5.24. Left photo - strata exposed inside the CARRR shaft highlighting the contact between the base of the Harwich Formation and underlying Upper 
Shelly Clay (photo by Tideway). Right top and bottom photos – close up of the HWH4 conglomerate (top) and the layer of conglomerate exposed at the base of 
the shaft (bottom).   
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Figure 5.25. A simplified geological profile of the strata encountered at Carnwath Road, Wandsworth area (based on records provided by Tideway).
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CHAWF SHAFT – CHAMBERS WHARF, BERMONDSEY 

Facies HWH4 was also observed in the shaft in Bermondsey, London (Figure 5.26), where it 

was described as glauconitic silty slightly sandy gravelly CLAY with broken-up fragments of 

shells of up to 2 mm in size. Gravel is black well-rounded fine to coarse flint and glauconite is 

mainly concentrated within occasional pellets. A large number of flint clasts (both gravel and 

cobble sized) were extremely weathered and were easily crushed or chipped with a single 

hammer blow revealing white sugary texture of their weathered interior (Figure 5.27). In 

addition, cleaning/washing of the clasts displayed light-coloured mottling patterns on their 

surface, further evidence of extensive weathering.  The boundary with underlying Upper Shelly 

Clay is sharp and erosive with locally observed burrowing. A brief overview of the invert pit 

exposure is presented in Table 5.6. 

CHAWF strata description: 

HWH4 - Stiff, dark greyish brown gravelly slightly sandy to sandy silty glauconitic CLAY with 

occasional pockets/pellets of glauconite (5 mm), pockets of brown fine sand (20 mm) and rare 

shell fragments. Gravel is black and grey, well-rounded, fine to coarse flint. Sand is fine to 

coarse. Shells are coarse sand size <2 mm) too fragmented to recognise. 

Table 5.6. Brief strata descriptions from CHAWF shaft. 

 

CHAWF SHAFT - BERMONDSEY 

FACIES CODE SEDIMENT TYPE THICKNESS 
(m) 

HWH4 Gravelly slightly sandy to sandy 
silty glauconitic CLAY with rare 
shell fragments. Sand is fine to 
medium. 

0.20 

Basal 
contact 

Burrowed boundary with UPSCL Not 
proven 
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Figure 5.26. A – glauconite rich strata exposed in the pit dug into the invert of the shaft at Chambers 
Wharf. B – close up of the gravelly CLAY and its contact with underlying UPSCL layer. C – Close up of 
the sampled material. 
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Figure 5.27. Highly altered coarse flint gravel sampled from CHAWF shaft. 

 

HEAPS SHAFT – HEATHWALL PUMPING STATION, BATTERSEA 

The strata exposed in the HEAPS shaft (Figure 5.28 and 5.30) revealed a thin layer of the 

Swanscombe Member – facies HWH5 and a bed of strongly cemented glauconitic sandstone 

(Figure 5.29). The seepage of water was recorded at the boundary between clay and 

sandstone. Below are detailed descriptions of the Harwich Formation sediments recorded 

within the shaft. The thicknesses are given in Table 5.7.  

HEAPS strata descriptions: 

HWH5 – Stiff, dark grey to brownish grey slightly sandy silty glauconitic CLAY with frequent 

partings of dark green to black fine glauconitic sand (30 x 15 mm), rare pockets of light brown 

fine sand also glauconitic; occasional fine to coarse well-rounded black flint gravel, rare pyrite 

nodules. 

HWH2 - Strongly cemented glauconitic SANDSTONE with rare shell fragments (white thin 

bivalves) and rare fine to medium well-rounded black flint gravel in places. Glauconitic 
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concentrations along bedding – indicating reworking of glauconite, cross-sets evident on some 

of the sampled fragments. 

The same sandstone layer was later observed at other neighbouring shaft location - ALBEF and 

was previously intersected by boreholes near Lambeth Bridge as reported by Dr T. Newman 

(pers. comm. 2019) and also reported during construction of piles for Westminster Bridge 

(King, 2009a) (Figure 5.33). A 5 m offset of the sandstone layer was recorded between ALBEF 

and HEAPS shafts and is considered as an additional confirmation of faulting in this area (Figure 

5.33).  

Table 5.7. HEAPS shaft strata overview and thicknesses. 

 

HEAPS SHAFT - BATTERSEA 

FACIES CODE SEDIMENT TYPE THICKNESS 
(m) 

HWH5 Slightly gravelly slightly sandy 
silty glauconitic CLAY with rare 
shell fragments. Sand is fine to 
medium. 

0.27 

HWH2 Strong, SANDSTONE 0.15 

Basal 
contact 

Sharp, erosive boundary with 
UPSCL 

Not 
proven 
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Figure 5.28. Strata exposed within HEAPS shaft. G – indicates glauconite content; SNDST - Sandstone. 
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Figure 5.29. A - Sandstone layer exposed in the HEAPS shaft and B – sandstone fragment sampled from the shaft revealing features such as cross-stratification, 
concentration of glauconite grains along laminae and burrowing. 
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Figure 5.30. Strata exposed within HEAPS shaft with detailed descriptions of the Harwich Formation and London Clay (Photographs by T. Newman). 
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ALBEF SHAFT – ALBERT EMBANKMENT, VAUXHALL 

The following three shafts: ALBEF, VCTEF and CHEEF, could not be visited but samples of the 

Harwich Formation were retrieved with the assistance of Dr Tim Newman and the Tideway 

Team. The sandstone layer previously recorded at HEAPS shaft was discovered to extend into 

the neighbouring ALBEF shaft location and measured ~120 mm in thickness (Figure 5.31 and 

5.33). It was recorded at 69.20 - 69.60 m ATD, more than 5 m higher than its elevation recorded 

inside the HEAPS shaft. The sandstone was observed dipping in the NE direction with no 

evidence of fault dislocation/vertical displacement observed within the perimeter of the shaft 

(Figure 5.32 and 5.33).  

ALBEF strata descriptions: 

HWH5 – Very stiff, greyish brown, sandy CLAY. Sand is fine to medium with frequent medium 

to coarse sand sized green glauconite grains. Occasional black well-rounded fine to medium 

flint gravel and occasional white shell fragments. 

HWH2 – Moderately strong to strong, greyish brown, fine grained SANDSTONE. 

 

 

Figure 5.31. Strata exposed within the ALBEF shaft including Sandstone layer (photo by T. Newman). 
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Figure 5.32. ALBEF shaft view from the observation platform, showing elevation of the sandstone layer within the shaft. The arrow indicates sandstone dip 
direction (Photograph and figure by T. Newman). 
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Figure 5.33. Locations indicating the presence of the sandstone layer within the Tideway shafts and neighbouring locations (Nine Elms, Lambeth Bridge and 
Westminster Bridge) with superimposed faults identified (and postulated) within the area (after Morgan et al., 2020 updated with authors records). Base map 
© P. Czapik. 
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VCTEF SHAFT – VICTORIA EMBANKMENT FORESHORE, WESTMINSTER 

The Harwich at VCTEF location (Figure 5.34) was recorded by Tideway as 300 to 350 mm thick, 

comprising a greyish brown, slightly gravelly sandy CLAY with abundant dark green medium to 

coarse sand sized grains of glauconite revealing a greenish grey hue. The material contains 

frequent reworked clasts (10 x 10 mm) of the underlying Upper Mottled Beds on top of which 

it has an abrupt contact. The coarse fraction comprises black well-rounded medium to coarse 

flint gravel and rare cobbles (up to 80 mm diameter) that display a white interior when broken 

open with a hammer (also noted at CHAWF location). Traces of forams, pyritised wood and 

localised abundant shell fragments were also found.  

Figure 5.34. Strata exposed at VCTEF shaft. Circled area showing clasts of Upper Mottled Clay 
reworked into the Harwich Formation through burrowing. Images A and C by T. Newman. 
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CHEEF SHAFT – CHELSEA EMBANKMENT FORESHORE, CHELSEA 

The Harwich Formation exposed within CHEEF shaft was difficult to distinguish from overlying 

London Clay Formation asides from rare black, well-rounded, fine to coarse flint gravel, 

localised light brown fine sand and scattered glauconite grains and pellets. Occasional pyritised 

lignite fragments were also found. There is no obvious contact/boundary between the two but 

based on the inclusions, the Harwich Formation thickness is estimated at no more than 150 

mm. The boundary with underlying UPSCL presents a sharp and mostly linear contact (Figure 

5.35). 

CHEEF strata description:  

HWH5 - Very stiff, brownish grey slightly sandy silty (slightly micaceous) glauconitic CLAY with 

scattered glauconite throughout - very dark green to black, fine to occasionally medium sand 

sized grains and rare pellets c. 5 mm across and rare cream shell fragments and black well-

rounded fine to coarse flint gravel; occasional partings of light brown fine sand, rare forams 

and bioturbation (both possibly at the top of the strata). Pockets of dark grey glauconitic fine 

sand (20 mm diameter), with fossilised wood fragments 90 x 100 mm, are also occasionally 

observed. The contact with underlying UPSCL is clear and linear, with isolated burrows. 

 

Figure 5.35. A - the Harwich Formation sampled from CHEEF shaft; B - sharp, linear, erosive boundary 
with UPSCL. 
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5.5 EXPERIMENTAL RESULTS 

A laboratory-based investigation was undertaken to better understand the internal structure 

and mineral composition of the Harwich Formation deposits, supporting identification of 

lithological facies and their interpretation. The laboratory investigations were designed to 

complement the fieldwork and compare characteristics between proximal and distal 

environmental types of deposits highlighting the complex nature of those found within London 

Basin. The laboratory work would contribute to increase overall understanding of the sediment 

variability. The results obtained from the Particle Size Distribution testing would also be 

required as input for the sequence stratigraphical modelling presented in Chapter 6. 
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5.5.1 QICPIC ANALYSIS 

In dry mode, QICPIC (described in Chapter 4 section 4.3.1.) is limited to sand analysis, so only 

the sand fractions of HWH2 (Blackwall Facies), HWH3 (Oldhaven Facies) and sandy parts of 

HWH1 (Blackheath Facies) were analysed (Figure 5.37) by Marriott (2019). The angularity of 

the seven tested samples is shown in Figure 5.36. Although there is a good correlation between 

the HWH1 samples (AWLS01 & AWEXC02) and HWH3 samples (BGB1, BGB3 & RC-S01), there 

is a marked difference between HWH2 samples (CW87h & CH86RA) indicating that the samples 

are probably of different origins and should not be used for correlation. The sphericity and 

convexity values for the samples are given in Appendix C-1. 

 

 

Figure 5.36. Angularity classifications for the seven samples tested using QICPIC (after Marriott, 2019). 
Limits based on data from Altuhafi, O’Sullivan & Cavarretta (2013). 
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Figure 5.37. Photographs of samples, clockwise from top left to mid-centre: Crossrail samples - 
CH86RA, CW87h (HWH2), Reculver Sample - RC-S01 (HWH3), Abbey Wood samples - AWLS01, 
AWEXC01 (HWH1) and Bishopstone Glen samples - BG1B1, BG1B3 (HWH3) (after Marriott, 2019). 
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5.5.2 PARTICLE SIZE DISTRIBUTION (PSD) 

FACIES HWH5 – HWH1 

An evaluation of PSD data obtained from sites in West Ham, Battersea and the Isle of Dogs 

(Figure 5.38) shows the division into 5 facies, each containing localised cemented layers. The 

analysis was performed in accordance with British Standard BS1377: 1990 Part 2 (BSI., 1990) 

as the methodology detailed in Chapter 4 section 4.3.1. The complete set of results can be 

viewed in Appendix C-2. 

Where found on its own, HWH5 (Swanscombe Facies) facies is usually recovered in boreholes 

and described as a brownish grey to greenish grey, glauconitic slightly sandy to very sandy silty 

CLAY with rare to occasional shell fragments and rare fine to medium well-rounded flint gravel. 

The increase in shell content towards the base of the unit was especially noted in the west 

London area and least shells recorded in central London.  The average sand content is ~30% in 

addition to ≤ 5% gravel and 40% silt (Figure 5.39). 

Facies defined as HWH4 (Battersea Facies) is often recorded in central London and some parts 

of east and south west London and is characterised by an abundance of medium to coarse 

well-rounded flint gravel supported by glauconitic sandy clay matrix, with occasional shell 

fragments. The gravel content usually exceeds 40% of the total volume with clay content 

staying above 10% (average 19%) (Figure 5.38 and 5.39). In engineering terms this type of soil 

is difficult to classify, however visual inspection of samples assessed the behaviour of this 

material as fine soil. In boreholes it is often identified as gravel of Blackheath Member, since 

the recovery of the finer material is usually lost in the process. Sampling was difficult as due to 

the proportion of the coarse fraction; samples were often of insufficient weight to comply with 

BS1377: 1990 Part 2. The additional 5 samples were tested at the later stage to further validate 

the results obtained. Those supplementary results are summarised at the end of this section. 

The characteristics of HWH3 (Oldhaven Facies) are high fine sand and silt content; sand 

reaching 40% on average with silt providing ~25% of the total sample volume. The clay content 

can be as high as 10% and dispersed gravel and shell fragments contribute to over 20% of total 

specimen size. The sand is usually glauconitic. 

Facies HWH2 (Blackwall Facies) has only been identified in Crossrail investigations at the 

eastern end of the route, in the Isle of Dogs area. The sandy facies contain on average 50 to 
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60% sand and ≥30% silt (Figure 5.38 and 5.39). In places, gravel is present at about the 5% 

level, usually towards the base of the unit. Additional testing is summarised in the following 

section. 

Facies HWH1 (Blackheath Facies) is dominated by gravel (~80%) and usually recovered in 

boreholes on its own through significant loss of fines. In some areas the sand fraction prevails 

within this unit. Facies HWH1 has a very low clay content (<5%) and is mostly glauconite free. 

This facies was found to present difficulties whilst sampling, due to the proportion of the coarse 

fraction samples collected often being unrepresentative in terms of mass to comply with 

BS1377: 1990 Part 2. 

 

Figure 5.38. Particle Size Distribution curves showing clear differences between each of the five facies: 
HWH1-HWH5 (Edgar et al. 2021). 



Chapter 5: In-Situ Observations and Experimental Results 

180 
 

 

Figure 5.39. Main fractions content, average percentage breakdown for facies HWH1 – HWH5 for samples obtained from West Ham, Battersea and Isle of 
Dogs site (5 samples per each of the facies) (Edgar et al. 2021).  
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FACIES HWH2 (BLACKWALL FACIES) ADDITIONAL TESTING 

Following inconclusive QICPIC results a number of additional PSD tests were undertaken (in 

accordance with BS1377: 1990 Part 2 (BSI., 1990)) for a comparison to be made with available 

HWH2 PSD results and to highlight any appearing differences.  Two samples of the HWH2 from 

Crossrail sites were provided by Dr J. Skipper (GCG), one obtained during the ground 

investigation phase, the other during the construction phase. The remaining samples represent 

sandy facies of the Blackheath Member and were collected during field visits to Abbey Wood 

and Bishopstone Glen (both described in Section 5.2 of this chapter).  

Descriptions conforming to BS5930:2015 (BSI., 2015) and based on visual observations, are 

given below:  

• CH86RA: Light greyish brown fine to medium SAND with occasional fragments of fine to 

coarse gravel sized weakly cemented siltstone.  

• CW87h: Light grey fine to medium SAND, with frequent shell fragments and occasional fine 

to medium black flint gravels, lignite and pyrite nodules.  

• AWLS01: Light brown fine to medium SAND, with abundant shells and shell fragments and 

pyrite nodules. Shells and shell fragments are medium sand to medium gravel sized.  

•AWEXC02: Greyish brown fine to medium SAND, with numerous shell fragments and 

occasional pyrite nodules. Shell fragments are medium sand to coarse gravel sized.  

• BGB1: Brown silty gravelly fine glauconitic SAND, with occasional rootlets. Gravel is 

subrounded fine of black flint.  

• BGB3: Light greyish brown very sandy GRAVEL. Sand is fine and glauconitic. Gravel is rounded 

to well-rounded fine to coarse of black flint.  

• RC-S01: Greyish brown silty fine glauconitic SAND.  

The HWH2 Facies PSD curves are displayed alongside the published Blackwall Facies (BF) PSD 

data in Figure 5.40, and against the BLB and OH test results in Figure 5.41. The values used to 

produce the two figures are given in Appendix C-2. 
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Figure 5.40. Particle size distribution results for the HWH2 - Blackwall Facies, including data from the 
Crossrail AGS dataset, Howland (1991) and Howland et al. (1993) (after Marriott, 2019). 

 

 

Figure 5.41. Particle size distribution results for the HWH2 - Blackwall Facies, compared with data from 
similar Harwich Formation sand units (after Marriott, 2019). 
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As established by Marriott (2019) the PSD test results in Figure 5.40 show the two BF samples 

tested for this report having similar distributions to the Crossrail upper bound, and the 

Howland et al. (1993) lower bound. Both samples were poorly graded, with CH86RA being 

mostly fine sand and CW87h being mostly medium sand.  

Comparison of sample curves from Figure 5.41, reveals close similarity between CH86RA and 

BGB1 OH samples, with both having a high fines fraction. The shape of the CW87h distribution 

most closely matches the RC-S01 OH sample, but with coarser grained particles.  

No information was found on the quantity of tests for Howland et al. (1993) data, nor for the 

sample locations or quality. Without this information it is difficult to draw meaningful 

conclusions but based on the available data unit ‘h’ appears significantly different to the 

samples tested by Crossrail (Marriott, 2019). 

5.5.3 SCANNING ELECTRON MICROSCOPY (SEM); OPTICAL MICROSCOPY AND X-RAY 
DIFFRACTION ANALYSIS (XRD) 

As outlined in Chapter 4, SEM, Optical Microscopy and XRD were used to examine the 

mineralogy and textural relationships within the sampled deposits. The aim was to identify and 

quantify the mineral content including the abundance of glauconite, pyrite, and quartz; to 

recognise the type of cement within lithified samples; and, if possible, comment on other 

features such as signs of diagenetic alterations/early cementation. The term glauconite 

requires clarification here as it is commonly used interchangeably to designate a morphological 

form and a specific mineral. Following Odin & Matter (1981) and others (Burst, 1958; Bentor 

and Kastner, 1965) glauconite refers to an end member in a form of a hard mineral (glauconitic 

mica). This form of a hard mineral would not behave like clay (J. Huggett, pers. comm. 2020a). 

The glaucony (also referred to as glaucony (facies), glauconitic smectite) is a mix of green 

granules of the glauconite family. In their immature state, the grains often display more clay 

like behaviour. In thin section these stand out as characteristic, mostly rounded grains and 

appear regularly either in authigenic or reworked form in majority of the Harwich Formation 

samples. The thin section descriptions presented below follow Odin & Matter (1981) and use 

the term glaucony to describe the mineral and its appearance however the hand specimen 

descriptions follow BS5930:2015 guidance and continue to use glauconite/glauconitic terms in 

their less defined form. Quartz crystals are also common and easily recognised in optical 
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images as variably rounded to angular, white grains. Metallic minerals, e.g. pyrite fragments, 

are displayed as black (in Optical) and white (in SEM). 

As detailed in Chapter 4, microscopic analysis of 19 samples was undertaken by the author at 

ICL, and 14 were send out to X-Ray Mineral Services Ltd for XRD analysis (Table 5.8 and 5.9). 

The obtained images and diffractograms were carefully studied and the observations were 

made on the full set of specimens (Appendix D). The interpretation of the results was consulted 

with Dr J. Huggett (Petroclays) (2020b). Ten of the most prominent samples with their clearest 

images and interpretations are shown below:  

Sample BH551 – Facies HWH5 (Swanscombe Facies): The hand specimen was described as stiff, 

grey silty slightly sandy to sandy glauconitic CLAY with frequent fine to coarse gravel size white 

shell fragments. Sand is fine to medium and glauconitic; occasional pockets of fine to medium 

pyritised sand (<20 mm) and occasional pockets of light grey and green glauconitic fine sand 

(<20 mm) were also noted.  

Thin-section observations: The majority of the quartz grains are angular but the glaucony grains 

are mostly rounded and evenly distributed throughout the sample, totalling an estimated 10% 

of the overall content. Pyrite (black in optical, white in SEM images) is mainly concentrated in 

partings and cemented nodules. The evidence for replacement of mica by kaolinite (estimated 

by XRD in excess of 2%, moderately crystallised) is shown on Figure 5.42 B, a very early 

diagenetic reaction (J. Huggett pers. comm.). 1.3% of dolomite (later identified in thin section 

as individual rhombi) was detected by the XRD (Figure 5.42 C). 
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Figure 5.42. HWH5 BH551 Stephenson Street. Clockwise: A hand specimen; B and D - SEM images 
magnification x300 and x100; C – optical image. 
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Sample CARRR01 GC – Facies HWH4 (Battersea facies): the hand specimen description:  

Greenish grey gravelly silty sandy slightly glauconitic CLAY. Gravel is black, rounded to well-

rounded fine to coarse flint. Rare shell fragments and foraminifera present. 

Thin-section observations: In this sample (Figure 5.43) the majority of quartz grains are sub-

angular to angular and occasionally fractured. Mostly rounded glaucony grains are scattered 

throughout the sample and are estimated to make up ~5% of the overall content. Pyrite (black 

in optical, white in SEM images) is mainly concentrated in partings and cemented nodules. The 

irregular, locally patchy distribution of clay can be explained as a result of burrowing but a clay 

infiltration/translocation process is also possible.  

 

Figure 5.43. CARRR01 GC. Clockwise: A hand specimen; B and D - SEM images magnification x300 and 
x100; C – optical image. 
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Sample CARRR02 CGW – Facies HWH4 (Battersea Facies): Weakly cemented greenish grey 

rudaceous CONGLOMERATE composed of black well-rounded fine to coarse flint gravel in 

glauconitic slightly sandy clayey matrix with occasional shell fragments (up to 20 mm). 

Thin-section observations: following optical and SEM analysis the reinterpretation of XRD 

results was required because the initial analysis failed to recognise glaucony within the sample. 

The illite/smectite content determined by XRD for the matrix (<2 micron) was >40% of which 

10-15% is considered to represent glauconitic content (Figure 5.44). Glaucony grains are olive 

green, sub-rounded to rounded and quartz crystal shapes ranging from angular to rounded in 

appearance. Most of the aragonite concentrated, is within fossils; calcite is the principal 

cement, reaching 53.1%, as estimated by the XRD (Table 5.8).  

 

Figure 5.44. CARRR02 CGW. Clockwise: A hand specimen; B - SEM image magnification x500; C – 
optical image; D – XRD diffractogram; 
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Sample CARRR03 CGS – Facies HWH4 (Battersea Facies): Strongly cemented grey rudaceous 

CONGLOMERATE composed of black well-rounded fine to coarse flint gravel in slightly sandy 

clayey matrix with occasional shell fragments (25 mm). No visible glauconite grains present. 

Thin-section observations: The strong conglomerate is calcite cemented (Figure 5.45). Rare 

well-rounded glaucony grains were identified in both optical and SEM images. Quartz crystals 

appeared sub-angular to rounded adding to 60% of overall bulk content (Table 5.8). The total 

amount of aragonite is over 10% and is concentrated within shell fossils. Significant amount of 

Chlorite (10.2%) was detected by XRD (Table 5.9) within conglomerate’s matrix. 

 

Figure 5.45. CARRR03 CGS. Clockwise: A hand specimen; B - SEM image magnification x200; C – optical 
image; D – XRD diffractogram. 
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Sample CARRR04 GC - Facies HWH4 (Battersea Facies): Greenish grey, glauconitic silty sandy 

slightly gravelly CLAY. Gravel is black, well-rounded fine to coarse flint. Rare shell fragments 

present (up to 10 mm). 

Thin-section observations: Glaucony grains are abundant, green and olive green, mostly 

rounded possibly ~5% of the total volume (Figure 5.46 C). Sand fraction is mainly composed of 

quartz crystals with their shapes varying between angular to sub-rounded. Rare pyrite nodules 

were also observed. Clay fraction appears irregularly distributed. 

 

Figure 5.46. CARRR04 GC; Clockwise: A hand specimen; B and D - SEM images magnification x100 and 
x500, G = glaucony; C – optical image.
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Sample CHAWF S03 – Facies HWH4 (Battersea Facies): Stiff, greyish brown glauconitic silty 

sandy gravelly CLAY. Gravel is black, well-rounded fine to coarse flint. Rare shell fragments 

(unidentifiable) present (<2 mm). Occasional pellets/pockets of glauconite (5 mm) and light 

brown fine sand (20 mm).  

Thin-section observations: Dr J. Huggett (2020b) observed that the glaucony granules have 

been compacted to form a pseudomatrix and are therefore not fully mature granules. The high 

“illite/smectite” total (>40%) in the XRD data reflects the high glaucony content of around 15%, 

irregularly distributed within the sample. Substantial amount of chlorite (9.7%) was also 

recorded by XRD (Table 5.9). There are a number of rounded particles resembling reworked 

bone (possibly francolite, rather than apatite – Huggett, 2020b) (Figure 5.47 C). It is possible 

that due to their low quantity the XRD failed to detect them. Several glaucony granules appear 

fragmented, but not compacted. Several quartz grains were also observed to be fractured. 

 

Figure 5.47. CHAWF S03 Gravelly Clay. Clockwise: A hand specimen; B - SEM image magnification 
x300; C – optical image; D – XRD diffractogram. 

Apatite/Francolite? 
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Sample CHAWF S04A – Facies HWH4 (Battersea Facies): In the hand specimen the pebble is 

described as weak, light grey mottled brown (patchy), flint GRAVEL with frequent cavities 

(probably caused by dissolution) observed on the surface. This pebble is derived from a gravelly 

clay layer (described in detail in sample CHAWF03 therefore some of the sandy clay is visible 

on the images). Abnormally the pebble is easily crushed with a hammer blow, but when 

cracked open, it is powdery white inside. 

Thin-section observations: Flint pebble in sandy glauconitic clay (Figure 5.48). The images 

revealed that the thin section preparer has managed to over-polish the flint pebble which 

confirmed that the flint is deeply weathered and soft. In addition, the flint pebble appears 

fractured. 

 

Figure 5.48. White highly weathered flint gravel, CHAWF S04A. Clockwise: A hand specimen; B and D - 
SEM images magnification x30 and x400; C – optical image.
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Sample IOD31P – Facies HWH2 (Blackwall Facies): Light brown, slightly clayey fine to coarse 

shelly SAND (Figure 5.49 A). Shells are coarse sand size (<2 mm). 

Thin-section observations: Sand fraction almost entirely composed of angular to sub-rounded 

quartz crystals (93.4%). Very small amounts of immature glaucony (olive green in thin section) 

present. Clay fraction is predominantly composed of Illite (>40%) with Kaolinite content 

reaching 13.8%. Nearly 10% of Chlorite was identified within the clay fraction by the XRD (Table 

5.). 

 

Figure 5.49. IOD31P – HWH2. Clockwise: A hand specimen; B - SEM image magnification x100; C – 
optical image; D – XRD diffractogram. 
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Sample CH52R – Facies HWH3 (Oldhaven Facies): Weak, light brown calcareous silty fine 

SANDSTONE. 

Thin-section observations: the sandstone is calcite cemented, it is suspected that the sand and 

calcite content were miscalculated in the XRD results, therefore the amount of sand should be 

considered higher and calcite lesser. According to Huggett (2020b) significant amount of “illite 

and mica/illite and smectite” in the XRD is glaucony. The chlorite content, identified within the 

finer fraction by the XRD (Table 5.9), is nearly 10%. One SEM image shows a fractured glaucony 

granule that has subsequently been cemented by calcite (Figure 5.50 B). Figure 5.50 C shows 

a glaucony filled burrow with calcite and pyrite cement. The optical analysis revealed irregular 

distribution of clay and sand that is a result of burrowing, probably sand-lined burrows that 

have been compacted into the clay (Huggett, 2020b). All the glaucony is immature, but there 

is no evidence of compaction. The evidence for early diagenetic reaction in a form of mica 

replacement by kaolinite (estimated by XRD in excess of 12%, poorly crystallised) can be seen 

in Figure 5.50 B. 

 

Figure 5.50. CH52R; Clockwise: A hand specimen; B - SEM image magnification x400, fractured 
glaucony cemented by calcite (fragments labelled as G); C – optical image; D – XRD diffractogram. 
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Sample OH01 – Facies HWH3 (Oldhaven Facies): Strong, light grey glauconitic shelly gravelly 

SANDSTONE (Figure 5.51 A). Gravel is well-rounded fine to coarse flint. Shell fragments are fine 

to coarse sand and gravel size. 

Thin-section observations: Oval-shaped glauconite grains are present and aligned in laminae 

(Figure 5.51 D). Very glauconitic (10-15%) calcite cemented sandstone. The glaucony is 

moderately mature and reworked, as it is arranged in laminae within the sand. Small amounts 

of pyrite cement are also present. 

 

Figure 5.51. OH01 shelly conglomerate. Clockwise: A hand specimen; B - SEM image magnification 
x180; C and D – optical images.
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Table 5.8. Mineral concentrations within whole rock (bulk) sample, detailed in weight % by mineral phase. 

 

Table 5.9. Mineral concentrations within the fine fraction (<2 micron clay/matrix). Detailed in both A – weight % in fine fraction (clay/matrix) and B – wight % 
in bulk sample. 
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5.6 DISCUSSION 

The combination of in-situ observations and laboratory testing provide a strong basis for 

defining five types of facies (HWH1-HWH5). Their mineralogy, including the abundance of 

glauconite, quartz, pyrite, the cement type within lithified samples, and features diagnostic of 

their deposition and cementation, are distinctive for each type. 

Harwich Formation deposits are characterised by their greenish hue from the presence of 

often irregularly distributed glauconite-rich pellets, partings, laminae and burrows. Glaucony 

is one of the most reliable markers of low sedimentation rate in marine settings and a powerful 

tool for basin analysis and sequence stratigraphy. Recent studies highlight that it may be 

present in any part of depositional system and that its presence alone is not diagnostic of any 

specific system tract (Amorosi, 1995). However, depending on its maturity and characteristic 

genetic attributes, it may provide useful information for sequence stratigraphic interpretation. 

Harwich Formation deposits also contain quartz, illite and mica in abundance and therefore it 

is not uncommon for XRD analysis to fail to differentiate glauconitic content within these 

sediments (J. Huggett pers. comm., after Newman, 2013). Thus, it was essential to complement 

the XRD with optical, SEM microscopy and visual assessment, and then reinterpret the XRD 

results. 

The results presented in section 5.5.3 establish that the glauconite present within the samples 

is predominantly of low to moderate maturity, light green – green – brownish (olive) green, 

with grains often fractured but mostly without evidence of compaction, and an overall content 

ranging between 5 and 15% on average. The occasional more mature grains (noted within 

facies HWH3) are considered to be reworked, probably originating from older glaucony-rich 

sediments exposed and eroded at the time of sea-level lowstand, preceding marine 

transgression, and identified here as the Upnor Formation and/or Greensand Formation, 

following the uplift of the Weald. Reworked glauconite was also identified during visual 

examination of samples representing facies HWH4 (within irregularly distributed clay) and 

HWH2 (arranged in laminae within sandstones). 

The rare presence of dolomite within samples BH551 and PML30R, and traces in CHAWFS03 

and CH52R, is not considered unusual. According to J. Hirani (pers. comm. 2019), a carbonate 

geologist at X-Ray Mineral Services Ltd., as long as there is a source of Mg and Ca present (and 
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the optimal kinetic conditions), dolomite precipitation can take place in saline environments 

including brackish zones, even in a form of individual rhombs.  

The importance of chlorite, as a component of many sedimentary and diagenetic systems is 

often overlooked (Worden et al., 2020). Significant amounts of chlorite detected by XRD within 

matrix and clay fraction of samples CARRR03CGS, CH52R, IOD31P, CHAWFS01 and CHAWFS03, 

may confirm their association with marginal marine environment, where chlorite is most 

commonly found as a grain coating within sandstones (Worden et al., 2020). 

All of the lithified samples used for analysis were calcite cemented with rare inclusions of pyrite 

cement in a form of nodules. In a number of samples the glauconite and occasionally the quartz 

grains are fractured, and the cracks subsequently filled with calcite cement. Historical research 

carried out by Buczynski & Chafetz (1987) provided evidence that rapid crystallisation from 

water saturation of calcium carbonate could be responsible for the fracturing of the larger 

grains along their weakest parts. 

The extreme alteration of the flint clasts (at CHAWF and VCTEF) displayed in a form of white 

patchy surface mottling with cavities, discolouration, and loss of strength of the interior, also 

indicates involvement of carbonate-saturated water dissolution (alkaline environment) 

possibly combined with a mechanical process (Dr J. Skipper, pers. comm.). A similar change in 

colouration and fracturing of flints was observed by Skipper (2000) and linked to development 

of groundwater calcretes within Lower Mottled Beds of the Lambeth Group, through leaching 

of highly alkaline carbonate-saturated waters for a prolonged period of time. These types of 

flints are found in close proximity to faults recently mapped by Morgan et al. (2020), which 

might have played a key role in attracting and controlling the fluid flow pattern and therefore 

distributing mineral-rich fluids to initiate the intense alteration. In terms of mechanical input, 

this can be identified as a movement induced pressure/compaction caused by reactivation of 

the nearby faults. 

A sandstone layer observed in HEAPS, ALBEF shafts and near Lambeth Bridge probably forms 

a continuous layer, dipping at 3o in NE direction and is representative of HWH2 – Blackwall 

Facies (equivalent of the sandy unit of the Blackheath Formation of King, 2016). The offset of 

5 m recorded between both locations, supports the inference of faulting in this area. 
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The restricted presence of gravelly clay and conglomeratic facies HWH4 around Battersea, 

initially considered to represent incised channel fills (King, 2009a), are probably the result of 

tectonic activity, which controlled sediment deposition by restricting accommodation space 

within the area by creating fault bounded troughs. The direct observations carried out inside 

Tideway shafts provided additional insight into the possible source of fines within HWH4 (clay 

and conglomerate matrix) that hypothetically is the result of deposition of an overlying 

glauconitic clay layer (facies HWH5 – widely present within neighbouring area) which later 

penetrated into the underlying permeable gravels and this way creating facies HWH4 (Figure 

5.52). This hypothesis is supported by disturbance of clay fraction, fragmentation of shells, 

fracturing of grains and occasional compaction of glauconite within HWH4 facies witnessed 

during SEM, optical analysis and soil logging. 

 

Figure 5.52. Section summarising interpretation of the facies represented in the London area; Not to 
scale. Southern and Northern Facies refer to geographical distribution north and south of the river 
Thames. 

To support the proposal of the above, the following schematic diagram was developed (Figure 

5.53 A-H). Each figure represents a stage in the creation of the fault bounded accommodation 

space, through deposition of the Harwich Formation and London Clay Formation applied within 

central London area. Two key observations are made in the tectonic and depositional history 

presented below. Firstly, it assumes the Harwich Formation was deposited during a period of 

fault activity. As demonstrated in the succession of figure below, this observation explains why 

the conglomerates and gravelly clay (facies HWH4) are only found at the base of troughs and 
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frequently adjacent to HWH5 facies. The second observation explains the obscurity of the top 

contact of the Harwich Formation and the base of the London Clay which in places exhibits 

more transitional/gradational change in lithology whilst remaining an erosional boundary. 
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Figure 5.53. Schematic diagram showing development of HWH4 facies in central London area based on borehole interpretation and in-situ observations carried 
out during Tideway shaft visits. Not to scale.
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The results presented in this chapter contribute and reinforce the importance of an integrated 

research approach in understanding how complex geological structure of London influenced 

the deposition of the Harwich Formation sediments in this area. In order to create a 

comprehensive picture, and to support the above-mentioned observations, a 3D geological 

and stratigraphical models of the Formation were developed, and their outcomes are 

presented in the following Chapter 6. 
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CHAPTER 6  

6. MODELLING RESULTS 

The previous Chapter 5 presented observations carried out in the field and findings of 

subsequent laboratory analysis that assisted in building a ‘base-type’ 2D model of the 

investigated deposits. This chapter reports on the application of 3D geological and stratigraphic 

modelling to visualise the spatial distribution of the Harwich Formation facies in London, and 

attempts to clarify the relationship between different lithologies and their depositional 

environments as well as identify possible mechanisms that influenced their geographical 

appearance within the research area.   

The use and applicability of 3D geological models has increased dramatically in recent years 

providing a powerful tool for the visualisation, assessment and interpretation of spatial 

datasets. Three-dimensional structural and stratigraphic modelling has been successful in 

enhancing our geological understanding of the substrata. It is not uncommon for the most 

accurate models to rely on manual tailoring to suit specific outcomes and consistency with 

stratigraphic framework schemes. Predictive digital modelling should therefore not be used as 

a stand-alone tool as it frequently provides an idealised picture that, for verification, should be 

complemented with other techniques such as field observations and laboratory analysis. 

The number of boreholes assessed over the course of this project (928) (Figure 6.1 D) was 

limited by time constraints. The details of the borehole data interpretation and processing are 

presented in Methodology (Chapter 4). The resulting array of boreholes concentrates linearly 

along the Crossrail route (north of the River Thames) with additional data points, from various 

ground investigation projects and available BGS historical records, scattered across the 

research area (incorporated in order to extend the coverage to the North and South of the 

central lineament). It was determined that a more thorough coverage would benefit the 

accuracy of the modelling. 

Within this chapter, Section 6.1 presents the results of the MOVE model, identifying the 

distribution of different palaeo- and facies surfaces within the Harwich Formation, including 

consideration of the significant geological features such as DFH and faults. Section 6.2 utilises 

the models developed in Section 6.1 to build sequence stratigraphical models using Dionisos 
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Flow. All elements of modelling are brought together and discussed in Section 6.3. Sections 

6.1.1, 6.1.2 and 6.1.4 have been submitted for publishing whole or in part by Edgar et al., 

(2021). 
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6.1 MOVE MODEL 

6.1.1 PALAEOSURFACE 

The palaeosurface (PLSU) (Figure 6.1) represents a topographical surface on which the Harwich 

Formation was deposited and is a result of Alpine compression. The development of the 

surface took place in two stages, firstly by incorporating Crossrail data set only (765 borehole 

locations) (Figure 6.1 A and B), and later expanded by an additional 163 borehole locations 

(Figure 6.1 C and D) from various ground investigation projects including: Beckton Sewage 

Tunnel Relief Project, Nine Elms GI, Thames Tideway Tunnel, several National Grid 

investigations, part of the Northern Line Extension and limited BGS historical records (i.e., 

around the Lewisham and Shooters Hill area). Similarly to PLSU, the post-depositional surface 

(PDEP) was constructed to visualise changes in elevation following the deposition of the 

Harwich Formation sediments, prior to accumulation of the London Clay Formation. The PLSU 

and PDEP colour scales were automatically set to show elevation ranges between -56.1 to 25.1 

m (PLSU Figure 6.2) and -55.8 to 41.4 (PDEP Figure 6.3) and at the final stage unified to -22 to 

15 m to allow direct comparisons. PLSU’s morphological lows can be observed in the western 

part of the research area: Hammersmith, Fulham, Wandsworth as well as central London and 

smaller areas located to the North of the River Thames: The City, East End, Canning Town, and 

East Ham. The areas with highest elevations are mostly located to around Blackheath, Eltham 

in the south east and the isolated island around the Finsbury Park area. The PDEP surface 

follows similar elevation pattern with slight elevation gains noticeable in the areas of East Ham 

and west of Camberwell, with the most significant increase in elevation visible in the south east 

stretching from Lewisham to Bexleyheath. Both artificially created surfaces present high 

confidence with a data point count exceeding 700 boreholes. 

The morphological irregularities of the PLSU surface correspond to fault block 

compartmentalisation proposed by Morgan et al. (2020) (Figure 6.4) where the movements of 

individual blocks (recorded as vertical displacement) have been indicated by InSAR 

investigations (Mason et al., 2015 and Morgan et al., 2020) (Edgar et al., 2021).  

The methods of PLSU and PDEP surface construction are detailed in Chapter 4 Section 4.4.2.
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Figure 6.1. Palaeosurface development (stage 1 – image A; stage 2 – image C) with associated data points used for the creation of the topographical surface 
(where image B shows data point used for the creation of surface A and image D – data points used for surface C). Ordnance Survey Data © Crown copyright/ 
database right, 2016. An Ordnance Survey/EDINA supplied service. 



Chapter 6: Modelling Results 

207 
 

 

Figure 6.2. Palaeosurface development showing: A the original PLSU surface with colour scale (-56.1 to 
23.1 m elevation) a faint OS map image is overlain to show the location of the strata in London; B – 
PLSU with adjusted scale (-22 to 15 m elevation); C – adjusted PLSU without OS map overlay; D - PLSU 
surface trimmed to areal extent. Ordnance Survey Data © Crown copyright/ database right, 2016. An 
Ordnance Survey/EDINA supplied service. 

 

Figure 6.3. Post-depositional surface development showing: A the original PDEP surface with colour 
scale (-55.8 to 41.4 m elevation) a faint OS map image is overlain to show the location of the strata in 
London; B – PDEP with adjusted scale (-22 to 15 m elevation); C – adjusted PDEP without OS map 
overlay; D - PDEP surface trimmed to areal extent. Ordnance Survey Data © Crown copyright/ 
database right, 2016. An Ordnance Survey/EDINA supplied service. 
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Figure 6.4. Comparison of the modelled palaeosurface with the map of faults identified in London 
(Edgar et al. 2021). (A) Fault map of London (from Morgan et al., 2020). Boundaries of vertical 
displacement identified by InSAR (Mason et al. 2015) spatially-correlate with both known faults (solid 
black lines) and approximated boundaries between major elevation changes in the chalk surface at 
depth indicative of faulting (dashed black lines). Fault positionings on the map are linear 
approximations. (B) Surface elevation map (palaeosurface) for the base of the Harwich Formation with 
superimposed faults developed by Morgan et al., 2020 and other literature records. Ordnance Survey 
Data © Crown copyright/database right, 2016. An Ordnance Survey/EDINA supplied service.
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6.1.2 FACIES SURFACES – SPATIAL DISTRIBUTIONS AND TOP SURFACE HORIZONS 

A ground model of the relationship between the Harwich Formation facies was developed in 

MOVE software to help visualise their spatial distribution in London. Surfaces were created 

using Ordinary Kriging with an exponential transition model. 

As per the methodology detailed in Chapter 4 Section 4.2, point markers were made for each 

horizon in order to plot surfaces. Each surface is a digital mesh made up of points, geo-

statistically generated from all available data. The following figures (6.5 to 6.10) are the 

resulting surface horizons, produced using all available borehole records. The 3D visualisation 

of data aided development of an interpretation for the dominating facies patterns and 

identification of prevalent structural controls within the research area. The surfaces are 

superimposed on top of the PLSU surface with the aim to highlight how these sediments 

occupy the available, topographically/structurally - shaped accommodation space. As 

mentioned in the previous section of this chapter the PLSU surface is a horizon of high 

confidence. It is worth emphasising that some parts of the projected surfaces extend below 

(underlapping) the PLSU horizon, and in the light of superiority of the PLSU horizon these were 

assumed redundant.  

The preliminary spatial distribution surfaces of the Harwich Formation facies (Figure 6.5) reveal 

extensive variation within their outlines. Both facies HWH3 and HWH4 display certain 

dependency of the material deposition on surface topography whilst HWH1 and HWH2 show 

similar though somewhat random outputs with facies HWH5 output closely resembling the 

anticipated coverage. It was observed that HWH3 and HWH5 layouts most closely follow the 

distributions described by King (2016) with HWH1 and HWH2 showing some partial agreement. 

HWH4 could not be verified with historical records.
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Figure 6.5. Preliminary palaeosurface and map views from MOVE ground model showing the extent of 
Harwich Formation facies HWH1 – HWH5. A faint OS map image is overlain to show the location of the 
strata in London. Greyed areas with dashed borders highlight forecasted geographic extent of each of 
the facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance 
Survey/EDINA supplied service. 

A problem with the preliminary model of facies spatial distributions (Figure 6.5) was that the 

surfaces created with the Ordinary Kriging algorithm were extended to UTM with the ‘quadrant 

search’ option turned on, resulting in fast surface construction times, but compromising the 

accuracy and reliability of the fit. Having established this, each surface was closely re-

examined, and artefacts identified, mostly visible away from the input data. The modelled 

surfaces related to the areas in question were subsequently verified with borehole records and 
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point cloud data, adjusted manually where required (by removing erroneous individual points 

from the point cloud), contours redrawn, and the final surfaces refined (Figures 6.6 – 6.10). 

 

 

Figure 6.6. Revised palaeosurface and map view from MOVE ground model showing the extent of the 
Harwich Formation facies HWH1 (A). B shows data point cloud used for the creation of the HWH1 
surface and C – shows pre-modified version of the HWH1 surface horizon (Edgar et al. 2021).  A faint 
OS map image and outline of the River Thames are overlain to show the location of the strata in 
London. Greyed areas with dashed borders highlight forecasted geographic extent of each of the 
facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service. 
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Figure 6.7. Revised palaeosurface and map view from MOVE ground model showing the extent of the 
Harwich Formation facies HWH2 (A). B shows data point cloud used for the creation of the HWH2 
surface and C – shows pre-modified version of the HWH2 surface horizon (Edgar et al. 2021). A faint 
OS map image and outline of the River Thames are overlain to show the location of the strata in 
London. Greyed areas with dashed borders highlight forecasted geographic extent of each of the 
facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service. 
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Figure 6.8. Revised palaeosurface and map view from MOVE ground model showing the extent of the 
Harwich Formation facies HWH3 (A). B shows data point cloud used for the creation of the HWH3 
surface and C – shows pre-modified version of the HWH3 surface horizon (Edgar et al. 2021). A faint 
OS map image and outline of the River Thames are overlain to show the location of the strata in 
London. Greyed areas with dashed borders highlight forecasted geographic extent of each of the 
facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service. 
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Figure 6.9. Revised palaeosurface and map view from MOVE ground model showing the extent of the 
Harwich Formation facies HWH4 (A). B shows data point cloud used for the creation of the HWH4 
surface and C – shows pre-modified version of the HWH4 surface horizon (Edgar et al. 2021). A faint 
OS map image and outline of the River Thames are overlain to show the location of the strata in 
London. Greyed areas with dashed borders highlight forecasted geographic extent of each of the 
facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service. 
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Figure 6.10. Revised palaeosurface and map view from MOVE ground model showing the extent of the 
Harwich Formation facies HWH5 (A). B shows data point cloud used for the creation of the HWH5 
surface and C – shows pre-modified version of the HWH5 surface horizon (Edgar et al. 2021). A faint 
OS map image and outline of the River Thames are overlain to show the location of the strata in 
London. Greyed areas with dashed borders highlight forecasted geographic extent of each of the 
facies. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service. 

 

Plan views of the top surfaces for each of the facies (Fig. 6.6 – 6.10) show that the lateral extent 

of these layers usually falls within the distributions described by King (2016), as published in 

Skipper & Edgar (2020) and reproduced by Edgar et al., (2021) (see Chapter 2 Section 2.2, 

Figures 2.4 and 2.5). The exceptions are facies HWH2 and HWH4, which correspond to King’s 

(2016) sandy and incised gravelly channel units of the Blackheath Member, but this model 

predicts significantly extended coverage towards western and north eastern areas of London 

(including most of central London), in contrast to King’s south eastern distribution. It is worth 

pointing out that these two layers were constructed with the lowest data point count (27 and 
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36 respectively) and are considered of lowest confidence. The modelled HWH3 facies coverage 

also extends beyond the boundaries assigned by King (2016), particularly towards the central 

part of London.  

During creation of the HWH3 surface, several surface processing methods were explored to 

create the best representation of its distribution. The best option was to merge two surfaces 

created with different methods: Ordinary Kriging (extended to UTM) with IDW (also extended 

to UTM), both with the ‘quadrant search’ option turned off. 

Except for HWH5, all the sediments and facies infill topographically imposed accommodation 

space, possibly reshaped by reactivation of basement faults (Ghail et al., 2015; Morgan et al., 

2020, Edgar et al., 2021), although these sediments may no longer be fully preserved in these 

areas.  

Most of the boreholes incorporated in this model are located north of the River Thames and 

are typically clustered within project areas, which could account for the differences in 

distribution, since the predictive ability of ground models decreases with distance from areas 

with a high density of data (Kearsey et al. 2015) (Edgar et al., 2021). A more regular grid-based 

approach may resolve such problems in the future but would have a lower resolution and 

therefore a lower predictive ability everywhere.  

Another potential issue encountered during the creation of the MOVE model was the 

misinterpretation of the HWH2 Blackwall facies from borehole logs (Marriott, 2019). Figure 

6.11 of King & Skipper (2009b) shows the distribution of sand units and sand channels in the 

Upper Lambeth Group east of Stepney Green. This figure was georeferenced to the study area 

in QGIS by Marriott (2019), superimposed with point cloud data where the HWH2 was 

identified to be present with high confidence and compared with the modelled HWH2 

distribution outline (see Figure 6.12). 
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Figure 6.11. Crossrail’s distribution of sand channels and sand units within Upper Lambeth Group by 
King & Skipper, 2009b. Figure reproduced with the permission of TfL. 
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Figure 6.12. Comparison between HWH2 Blackwall facies modelled areal extent and Crossrail 
interpretation of all sand channel bodies encountered on route (East of Stepney Green). Ordnance 
Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 

Within the areas bounding the Crossrail route there is generally good agreement between the 

Crossrail distributions and the distribution identified in this model. However, as identified by 

Marriott (2019), some disagreement occurs in three locations. Immediately west of Canary 

Wharf station, and east of Custom House station, are clusters of boreholes identified as having 

HWH2 present, but these areas were identified by Crossrail as having the RTD resting 

unconformably on top of the Lambeth Group. Additionally, NW of Canary Wharf station on the 
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Crossrail Stratford branch is a HWH2 borehole on the boundary of areas interpreted by 

Crossrail as having sand channels underlying the HWH, and no boreholes penetrating the 

Lambeth Group (which at the time the Blackwall Facies was classified as a part of). These three 

locations are examples of the iterative approach needed for generating a ground model; the 

evidence from the ground model and other sources of information should be used to inform 

further interpretations (and re-interpretations) of boreholes in the study area.
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Figure 6.13. Oblique view of all the surfaces from 3D MOVE ground model (HARWICH MODEL VF) showing the extent of each stratigraphic unit. An outline of 
the River Thames is partly visible to show the location of the strata in London. The grid box covers area of 30 x 10 km. 

Academic Licence. Not for commercial use 
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Figure 6.14. Oblique surface views from 3D MOVE ground model showing the extent of each stratigraphic unit (moving up through the stratigraphy from 1-16). 
An outline of the River Thames is overlain to show the location of the strata in London. Each box covers approximately 25 x 10 km area. Vertical exaggeration 
x25. 
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The compilation of 3D figures (6.14) shows all the horizons encountered by the complete set 

of borehole interpretations throughout the region (excluding the made ground). This image 

provides a holistic look at the relationships between the deposits and provokes further 

postulation of the geological structures present and the chronology of suspected tectonic 

activity.  

It is easy to observe that the basal horizons including Chalk (WHCK), Thanet Sand (TAB) and 

Upnor (UPR) Formations cover almost the entire areal extent of the study area (Figure 6.14 

frames 1, 2 and 3). This is in line with the structural history of this area and the timing of the 

early Paleogene ‘uplift’ of the Weald (Knox, 1996; Skipper, 2000) triggered by inversion 

tectonics of the basement within the region (Jones, 1999; Ghail et al., 2015). The remaining 

surface geometries from the top of the Lower Mottled Beds (LMBED) up to Quaternary deposit 

(RTD and ALV) fill the accommodation space with respect to the morphology of the reactivated, 

fault shaped basement (Figures 6.13 and 6.14). In the south eastern region, there is an evident 

‘sharp’ increase in elevation of the majority of the levels. When viewed with the fault network 

superimposed on top of the layers it is evident that this ‘uplift’ occurred along the major 

structural discontinuities e.g. the Greenwich Fault (Figure 6.15). 
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Figure 6.15. Selected surfaces (WHCK, TAB, UPR, LMBED, MCL and UPSCL) views with superimposed 
fault network. Greenwich and Streatham Faults are highlighted in green. Note Reading and Woolwich 
Formation deposits laid to the NW of the Greenwich Fault. River Thames is overlain to show the 
location of the features in London. 

The basal Harwich Formation facies (HWH1) appear to have been deposited at a time of 

structural and tectonic quiescence and occupies the area to the south east of the research area 

dictated by topography (Figure 6.14 frame 9) as most likely representing a depositional 

environment of the estuary. The HWH layers displaying the most fault-controlled environment 

are: HWH2 and HWH4 (Figure 6.14 frames 10 and 12). At local (larger) scales these are 

regularly mapped within the basin between the two elevation shifts, best observed in cross-

sections (see examples in Figure 6.22 in the following section). HWH3 is an example of lateral 

development of shallow sea sandy facies occupying northern parts of the study area with its 

southern extension revealing restriction by bounding faults (Figure 6.14 frame 11 and Figure 

6.16). These sediments mark the start of transgression that lasted into the London Clay Unit 

A2 (TSLCA2).  The HWH5 facies, covering the majority of the investigated area, is a result of a 

rapid transgression and sea-level rise. The top surface of the London Clay Formation reveals a 

similar pattern of further deepening of the sea with elevation gains identified in the south east 

region and between Marylebone and Finsbury. The lowest parts can be seen in the south 
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western region between Wandsworth and Battersea. The River Terrace Deposits display a fairly 

level horizon with its coverage extending throughout the area, with the exception of the south 

eastern part. A slight increase in elevation is mainly recorded in the area between Paddington 

and Marylebone, Finsbury and north of Stepney Green. The topmost layer represents the 

Alluvium, which also displays a relatively level surface horizon. When observed in high vertical 

exaggeration (> x25), its highest elevation is noticeable to the northwest, with a slight drop in 

elevation followed by a gradual decline trending northwest to southeast. The geometry of the 

study area at selected locations can be further analysed in cross-section. 

The construction of two additional local-scale models of Beckton (Figure 6.16) and Nine Elms 

(Figure 6.17) areas have supported the structural details at both sites at larger scales. The 

motivation behind selection of these particular sites was driven by the following factors: (1) in 

Beckton, case study data from the construction of the Sewage Relief Tunnel indicated fault-

controlled deposition and (2) in Nine Elms, the opportunity to confirm or disprove the 

relationship between DFH’s and HWH deposits. Both models were initially based on a single 

site investigation each; however, this was met with numerous challenges during construction 

of surface horizons, hence each model was expanded by additional data points obtained from 

BGS GeoIndex Onshore archives. The uneven distribution of data points causes the digital mesh 

surfaces to often appear disjointed. Adding additional historic BGS data helps to increase the 

density of the point clouds and fill in the gaps, but one of the most practical solutions was 

increasing the quadrant search width. This way the modelled surfaces appeared smoother and 

gaps automatically removed. 

The Beckton model (HARWICH MODEL BECKTON), based on site investigation carried out for 

Beckton Sewage Relief Tunnel (see Case Studies section in Chapter 2 for details), is one of the 

best examples of fault-controlled sedimentation combined with near-fault cementation. The 

activity within SW-NE orientated Greenwich Fault zone (Ellison et al., 2004) has led to the 

creation of sediment traps in prime accommodation space for the deposits, resulting in syn-

sedimentary deposition of the Harwich Formation (Figure 6.16) (Edgar et al., 2021). The 

surfaces presented in 3D views (Figure 6.16) show the Harwich Formation deposits (in pink) 

constrained by the normal faults propagating upwards from Chalk Formation through to the 

River Terrace Deposits (RTD). The maximum vertical displacements recorded for the top of the 

Chalk strata is 19 m and decreases towards ground level. This is indicative of a growth fault 
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(originating from the basement) that has been active for a prolonged period of time. The 

London Clay (LC) is observed to terminate in the south-southeast portion of the site. This is 

also represented in the cross-sections by the sudden cessation of the strata on approach to 

the modelled fault line (located to the south) (Figure 6.25). Because the Quaternary deposits 

above do not show the same behaviour, an episode of erosion happened in this area after the 

deposition of the LC and before deposition of the RTD and ALV. 

 

 

Figure 6.16. Cross-section and 3D view showing the Harwich Formation deposits constrained by the 
normal faults propagating upwards from Chalk Formation through to the River Terrace Deposits (RTD). 
The surfaces show only the top of each stratum. Vertical displacement in the top of the Chalk surface = 
19 m; Palaeosurface= 14 m; RTD = 3. Fault surfaces (in red) are postulated. Ordnance Survey Data © 
Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 

 

The Nine Elms model (HARWICH MODEL NINE ELMS) allowed for visualisation of 61 boreholes 

and 11 DFH locations (obtained from Flynn et al., 2021). All surface geometries from the top 

of the Chalk formation up to the basal Thames Group horizons follow a similar trend. In the 

eastern region there is a gradual increase in elevation of all the layers (Figure 6.17). 
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Figure 6.17. Nine Elms Model 3D view of the strata and locations of cross-sections (with cross-sections 
highlighted in yellow - discussed in the next section). Brown faults are modelled, red faults are from 
Toms et al., 2016. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance 
Survey/EDINA supplied service. 

The top of the London Clay and Quaternary deposits appear more levelled (flat), however when 

converted to a colour elevation map a significant number of circular depressions are revealed 

(Figure 6.18); some confirming locations of already known DFH’s (Flynn et al., 2021), others 

possibly highlighting places where potential new features can be identified. Alongside these 

depressions, raised up areas can also be observed. This pattern of sharp changes in elevation 

is interpreted here as a result of faulting. The fault network identified within this area is of high 

density and has not revealed a predominant trend. This evidence is in line with research carried 

out by Ghail et al. (2015) who proposed that the flower structures formed within restraining 

bends on the transcurrent basement faults are the driving mechanism for development of the 

DFH’s. The adjacent rises and hollows are possibly indicative of positive or hybrid-type flower 

structures (Huang & Liu, 2017) with DFH’s features accommodated within the flower lows 

(Figure 6.19). This relationship is further analysed through cross-sections presented in the next 

section. 
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Figure 6.18. Nine Elms - modelled top surface of the London Clay horizon showing variations in surface 
elevation. The locations of DFH’s are obtained from Flynn et al., 2021. Ordnance Survey Data © Crown 
copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 

 

 

Figure 6.19. Examples of idealised modes for antiform within positive (A) and hybrid (B and C) flower 
structures by Huang & Liu, 2017. The shadowed area shows the stratigraphic constraint. A is an 
antiform with structural high in its core and structural low in its hinge within a positive flower 
structure. B represents the antiform with structural high in its core within a hybrid flower structure. C 
shows the antiform with structural low in its core within a hybrid flower structure. 

In addition, a close inspection of HWH and UPSCL layers allowed for their direct comparisons, 

revealing that both strata share a very similar outline. Both point clouds were also compared, 

and the conclusion drawn that the accommodation space available during deposition of UPSCL 

could have been of the same layout as for HWH4 Battersea Facies. The extent of this outline 
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could mark the boundaries of their unique depositional environment and be further classified 

as a lagoon or barrier island. This hypothesis could form a part of future research. 

Pockets of Weathered London Clay (WLC) are recorded at the locations of DFH’s, which is 

expected because glacial or tectonic processes involved in their formation would have created 

sufficient paths for oxidation to take place. 

6.1.3 MODELLED GEOLOGICAL CROSS-SECTIONS 

15 lines were chosen from which to generate cross-sections from the main model (HARWICH 

MODEL VF20) in MOVE. The locations of the lines are given in Figure 6.20. For each of the lines, 

the surfaces before and after processing in MOVE were displayed, examples of which are 

shown in Figure 6.21.  

These cross-sections permit a better assessment of the relationship between the facies 

geographical occurrence, the vertical response of the geological structure above and below, 

and atypical changes in elevation noted within specific horizons. Eight sections, perpendicular 

to the basin, show apparent uplifts in northwest and southeast regions of the research area, 

providing an optimal view of the elevation and how it varies throughout the lithologies. Six 

other sections provide a west to east view of the lithologies, and an additional one (at 35o 

angle) shows the strata southwest to northeast, which allowed for exploration of the 

speculated fault bounded accommodation space utilised by the Battersea Facies HWH4 (Figure 

6.22 HWH4). It was difficult to determine reliable dip angles with the level of spatial detail 

within the available dataset, so the faults were normally interpreted as vertical.  

The sections reinforce the presence of uplifted structures located to the southeast of the 

Greenwich Fault zone. In the majority of cases the strata demonstrate patterns of inclines 

relative to each other, in response to the basement structure. The unusual setting can be 

observed in section HWH1 (Figure 6.22) where the folded and faulted elevation of the WHCK 

horizon exhibits the reverse morphology when compared to the overlying horizons. This 

isolated occurrence could possibly be explained by localised compartmentalised subsidence 

prior to the deposition of the overlying TAB layer or a fault drag (Reches & Eidelman, 1995; 

Grasemann et al., 2005). However, considering the deficit of data coverage in this area, either 

scenario should be verified by future research. The HWH1 itself presents significant vertical 

displacement indicating post-depositional impact of tectonic activity in this region. In contrast, 
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facies HWH2, HWH3 and HWH4 present strong examples of syn-sedimentary fault-controlled 

deposition. At this scale the deposition of HWH5 facies, representing sediments associated 

with further deepening of the sea, generally appears independent of any tectonic influence. 

However, on closer inspection some response to the structural anomalies in a form of DFH’s 

has been detected.  

Surfaces generated from more data points are considered more reliable than surfaces 

generated from fewer data points and hence regarded as of high confidence. Therefore, where 

cross-section polylines derived from these surfaces overlapped, precedence was given in the 

same order as detailed in the Methodology Chapter 4. 

 

Figure 6.20. Cross-section locations from 3D MOVE ground model (HARWICH MODEL VF20). A faint OS 
map and the outline of the River Thames are overlain to show the location of the section lines in 
London. Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA 
supplied service.
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Figure 6.21. Examples of cross-section processing: surface lines before (left) and after (right). Vertical exaggeration x20.
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Figure 6.22. Selected cross-section views of HWH1-HWH4 surfaces. Vertical exaggeration x20, HWH5 
exaggeration x30. 

Additional cross-sections were created for local-scale models (HARWICH MODEL BECKTON (4 

sections) Figure 6.23 and HARWICH MODEL NINE ELMS (22 sections - 4 of which are presented 

in Figure 6.24). The selected ones are presented in Figures 6.25 and 6.26. All four cross-sections 

created for the Beckton area show HWH deposits restricted by two, parallel, SW-NE orientated, 

normal faults identified as part of the Greenwich Fault Zone. Both faults are seen to have 

created a nearly 1 km wide corridor for the accumulation of sediments identified as HWH2 and 

HWH3 facies, which are mostly cemented to form a ~ 250 mm thick bed of strong calcite 

cemented shelly sandstone (further details can be found in Chapter 3 Case Studies Section 3.6). 

The geometry of the faults presented in the cross-sections (Figure 6.25) display characteristics 

of normal growth faults propagating upwards. The maximum vertical displacements recorded 
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in the top of the WHCK surface is 19 m, with a 3 m offset within the RTD. The evident 

steepening of the south-eastern side of the structure (seen in cross-section Figure 6.25 as a SE 

increase in elevation of all layers underlying Thames Group deposits) is further identified as 

the northern limb of the Greenwich Anticline (Ellison et al., 2004). 

 

 

Figure 6.23. HARWICH MODEL BECKTON cross-section locations. Vertical exaggeration x25. Ordnance 
Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied service. 
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Figure 6.24. HARWICH MODEL NINE ELMS cross-section locations. Vertical exaggeration x20. 
Ordnance Survey Data © Crown copyright/ database right, 2016. An Ordnance Survey/EDINA supplied 
service. 

One of the secondary aims of this project is to investigate the relationship between the 

Harwich Formation sediments and anomalous structural features such as DFH’s. The previous 

findings by Toms et al. (2016) indicate that it is possible that the distribution of DFHs in the 

London Basin is related to the distribution of subsurface gravel units (such as the Harwich 

Formation), that could have hosted perched groundwater and explain the mechanism of 

formation of pingos (Toms, 2015) through diapiric rise of the underlying strata (Hutchinson, 

1980 and Bricker et al., 2013 after Toms, 2015). 
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The locations of selected cross-sections created for HARWICH NINE ELMS MODEL were 

therefore focused on exploring the area of the suspected DFH Feature (Figure 6.24) previously 

mentioned in Chapter 5 Section 5.3.1 as its south westerly extent was detected within the GI 

site boundary. This feature may be part of a single structure (previously recognised by Toms et 

al., 2016) (Figure 6.24) or one of nine anomalous features identified in the closest vicinity by 

Flynn et al., 2021.  

No evident bulging appeared when surfaces were created with Ordinary Kriging (OK). Delaunay 

Triangulation (DT) does show bulging of the overlying clayey HWH5 strata (Figure 6.26 A) but 

considering the uneven distribution of data points this is treated with uncertainty and could 

possibly be interpreted as an increase in thickness towards a nearby fault. The cross-sections 

(Figure 6.26 B) show that the gravelly HWH4 facies may be fault bounded in this area but does 

not show any sign of bulging at that scale. Bulging was most evident from LBED strata when 

plotted with DT (see cross-sections in Figures 6.26 A, B, C, D). Possibly a more even and denser 

data point distribution would show such a response; for example, an early attempt at plotting 

borehole data at site scale showed the response of the Harwich Formation stratum (see Figure 

6.27), but this was not then validated at the model scale.
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Figure 6.25. HARWICH MODEL BECKTON selection of cross-section views showing fault restricted deposition of the Harwich Formation (deposits shaded in 
pink). Vertical exaggeration x 25. F01, F02, F03 are postulated faults. Dashed lines indicate uncertainty. 
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Figure 6.26. HARWICH MODEL NINE ELMS VF selected cross-section views showing strata below suspected DFH feature. Vertical exaggeration x20.
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Figure 6.27. Drop in elevation indicating location of the suspected DFH/Scour Feature. All surfaces 
representing top of the stratigraphic horizons. Ordnance Survey Data © Crown copyright/ database 
right, 2016. An Ordnance Survey/EDINA supplied service.
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6.1.4 DISTRIBUTION OF THE CEMENTED PARTS OF THE HARWICH FORMATION IN 
LONDON AND THEIR RELATIONSHIP WITH FAULTING AND DFH’S 

Cemented layers within the Harwich Formation have been encountered on a number of 

underground construction projects (Skipper & Edgar, 2020; Newman, 2009). They are often 

undetected during borehole investigations, leading to unforeseen ground conditions and 

inflicting serious damage to tunnel boring machinery, as well as deflection of smaller boring 

equipment and obstructing piling operations. They occur as irregular concretions, nodules, or 

layers of various shape, size and strength (Table 6.1) (Edgar et al., 2021). 

The origin and distribution of cemented parts of the Harwich Formation are here linked with 

reactivation of basement faults (Ghail et al., 2015) (Figure 6.28). Previous studies (Balsamo et 

al., 2012; Carrio-Schaffhauser, 1990) infer that faults actively and passively influence both the 

alteration of existing and the development of new, cemented concretions by attracting fluids 

within the fault zones or by controlling fluid flow patterns and cementation. The effects of 

faulting, progressive cementation and shear-related grain size reduction within fault zones 

often results in a decrease in sediment porosity and permeability, and physical and chemical 

transformations within the sediment matrix and internal rock structure (Edgar et al., 2021). 

Alternatively, the formation of conglomerates specifically (found within HWH1 and HWH4) 

could be linked to beach environments where cemented lag deposits develop during coastline 

migration (King, 2016). Both scenarios assume that marine conglomerates are initially 

deposited as loose gravels without a depositional matrix, which forms later during infiltration 

from overlying sediment before the start of the cementation process (Selley, 2000).  

Figure 6.28 illustrates the conditional spatial relationship between the Harwich Formation 

cemented concretions and layers and their proximity to historically mapped (Ellison et al., 

2004, Banks et al., 2015; Ghail et al., 2015) and newly interpreted faults (Morgan et al., 2020).
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Table 6.1. Summary of various types of cemented Harwich Formation found in London. 

 

CEMENTED CONCRETION 

IMAGE 

ROCK TYPE and 

FACIES 

OCCURRANCE 

BRIEF DESCRIPTION SHAPE 

MAX SIZE 

RECORDED to 

date 

CEMENT 

TYPE 
STRENGTH CONCRETION TYPE 

IN-SITU 

APPEARANCE 

 

CLAYSTONE/ 

SILTSTONE 

FACIES: HWH5 

Generally 

homogenous often 

calcareous 

claystone, cracks 

commonly infilled 

with calcite 

LENTICULAR 

or IRREGULAR 

COBBLES/ 

BOULDERS 

0.30 m thick; 

> 0.70 m 

across 

Calcite, and 

in case of 

septas: 

calcite 

cemented 

veins 

Weak to very 

strong 

HIATUS 

CONCRETIONS/ 

SEPTARIAN 

NODULES  

Rounded 

BOULDERS, 

flattened often 

fragmented 

 

SANDSTONE 1 

FACIES: HWH3 

Shelly often 

glauconitic fine 

sandstone, shells 

often concentrate 

in horizons 

TABULAR 

LAYERS 

1.50 m thick; 

>3 m in plan 

Principal: 

calcite; 

secondary: 

aragonite 

Extremely 

weak to 

strong 

CEMENTED  

GROUND 

DISCONTINUOUS 

LAYERS/BANDS 
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SANDSTONE 2 

FACIES: HWH2 

Fine sandstone, 

non-glauconitic or 

with reworked 

glauconite 

concentrated in 

laminae, rare shells 

TABULAR 

LAYERS 

< 0.50 m 

thick; can 

extend for > 

1.5 km 

Calcite; 
Weak to 

strong 

CEMENTED  

GROUND 

SEMI –

CONTINUOUS 

LAYERS/BANDS 

 

CONGLOMERATE 1 

FACIES: HWH3 

MORE SHELLS 

THAN GRAVEL – 

gravelly shell lag 

IRREGULAR 

BOULDERS 

>1 m in plan x 

>0.30 m thick 

Principal: 

calcite; 

secondary:  

aragonite 

Extremely 

weak to 

strong 

SHELL LAG 

DISCONTINUOUS 

LAYERS/ ISOLATED 

BOULDERS/ 

CONCRETIONS 

 

CONGLOMERATE 2 

FACIES: HWH4  

and HWH1 

MAINLY GRAVEL 

SOME SHELLS – 

gravel lag 

IRREGULAR or 

TABULAR 

LAYERS 

1 m thick x 5 

m x 10 m in 

plan; also, 

beds 

stretching for 

>1 km 

Principal: 

calcite 

Extremely 

weak to 

strong 

CONGLOMERATE/ 

GRAVEL LAG 

BEDS/LAYERS; 

WIDESPREAD or 

LOCALISED 
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Figure 6.28. Distributions of cemented Harwich Formation in London vs faults. Cemented concretion 
locations are recorded from verbal accounts. Palaeosurface base map created in MOVE software © 
Petroleum Experts Ltd with Ordnance Survey Data © Crown copyright/database right 2016 (an 
Ordnance Survey/EDINA supplied service). 

 

 

Figure 6.29. Distributions of cemented Harwich Formation in London and DFH vs faults. Cemented 
concretions are from available borehole records. DFH locations are from Flynn et al., 2021. Base map 
contains Ordnance Survey Data © Crown copyright/database right 2016 (an Ordnance Survey/EDINA 
supplied service). 
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The previous Sections 6.1.2 and 6.1.3 explored the relationship between the Harwich 

Formation sediments and anomalous structural features such as DFH’s in cross-section and 3D. 

Following construction of the mini-scale HARWICH MODEL NINE ELMS it became apparent that 

the response of the Harwich Formation sediments varies from the expectations set out at the 

start of this project. The detailed analysis of surfaces in 3D and associated cross-sections did 

not confirm previous findings with relation to the gravelly parts and their diapiric rise in 

response to DFH development, nevertheless this relationship has not been discarded. The main 

model however aids to establish the relationship of cemented parts of the Harwich Formation 

that frequently develop in close proximity to the faults with significant number of DFH’s also 

recorded either adjacent or astride faults (Figure 6.29). 

The above findings offer further support into research carried out by Ghail et al. (2015) that 

identified DFH features as scoured and periglacially altered restraining bend flower structures. 

Through faulting, these flower structures could have served as conduits for fluid migration 

under periglacial conditions allowing for development of DFH. These same faults are believed 

to have been reactivated at least on one previous occasion, when deposition of the HWH was 

underway, and facilitated cementation of the materials in their immediate surrounding. 

6.2 SEQUENCE STRATIGRAPHIC MODELLING – DIONISOS FLOW MODEL 

Following numerous simulations, four models showing possible scenarios of deposition were 

chosen that represent plausible results with differing settings focusing on variations in location 

of the sediment source and sediment volume. 

Initial modelling trials involved the complete Harwich Formation succession exclusively, 

however this presented difficulties with insufficient sediment volumes. Therefore, it was 

configured that adding the basal part of the London Clay (Unit A2) as a closing phase of the 

Transgressive System Tract would be a reasonable solution. Therefore, a thickness map 

(created in MOVE software), used in four selected models (A-1, A-2, B-1 and B-2), represents 

the thicknesses of sediments between PLSU and TSLCA2 surfaces (Figure 6.30).  

Since subsurface geophysical well data were not available for this project, several assumptions 

were tested in order to identify the parameters producing the closest alignment with 

anticipated simulation results. To estimate the impact of each input parameter, sensitivity 
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analyses were conducted by changing one parameter at the time whilst keeping the others 

constant. All the input parameters are detailed in Methodology Chapter 4 Section 4.4.3. 

 

Figure 6.30. Thickness of the deposits between PLSU and TSLCA2. 

 

As previously mentioned in Methodology Chapter 4, the sea-level curves defined on the basis 

of the sediment ages in Haq (2014) had to be corrected using regional literature records 

(Sumbler, 1996). Following Sumbler (1996), the continuous sea-level rise that gradually spread 

westwards from the North Sea, has been estimated to reach 200 m depth in the eastern parts 

of the region. The simulated scenarios assume an increase of 100 and 200 m (with selected 

models A-2 and B-2 assuming 200 m depth). It is understood that additional correction, based 

on the subsidence rate considered, would account for episodic tectonic activity in the region 

and consequently improve the model. 

In brief, models presented in this chapter were characterised by settings summarised in Table 

6.2.
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Table 6.2. Dionisos Flow Models A-1, A-2, B-1 and B-2 general sediment settings. 

MODEL 

NAME 

SEDIMENT 

SOURCE 

TOTAL 

SUPPLY 

(AVRG) 

(km3/Ma) 

FLUVIAL 

DISCHARGE 

(m3/s) 

BASEMENT 

BEHAVIOUR 

WEATHERING 

RATE (m/Ma) 

Model A-1 W + N 3.1 1.78 as sediment 5 

Model A-2 W + S 5.3 3.23 as sediment 100 

Model B-1 S + N 5.0 3.23 solid 5 

Model B-2 S + N 5.0 3.23 solid 100 

Sediment source and total supply 

The depositional scenario defined for all models assumes westerly transgression of the sea 

(coastline migrating from east to west) with sediment sources corresponding to a number of 

fictional rivers located on the northern, southern and western borders of the model. The most 

suitable total sediment supply values ranged from 3 to nearly 5.5 km3/Ma with constant 

fractions of gravel (32% including cobbles), sand (30%), silt (23%) and clay (15%). 

Fluvial discharge 

The yearly average fluvial discharge ranging from 1.78 to 3.23 m3/s, was calculated 

automatically based on sediment volume and sediment concentration value (0.098 kg/m3).  

Weathering rate 

A maximum erosion rate is defined as a function of the excess of shear stress, that is the 

difference between basal shear stress induced by the fluvial water flow and the critical stress 

limit below which no incision can occur (Seard et al., 2013). The simulation runs involve rates 

ranging from low to high (5 to 200 m/Ma). Because multiple erosional surfaces are evident 

within the Harwich Formation succession, each represented by a gravelly horizon, the 

weathering rate was estimated to be relatively high with the best fit scenarios representing 

value of 100 m/Ma.  
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SIMULATION RESULTS 

Figure 6.31. Dionisos Flow Model A-2 lithological percentage breakdown of main fractions deposited 
between 54.8 and 53 Ma. 



Chapter 6: Modelling Results 

246 
 

 

Figure 6.32. Dionisos Flow Model B-2 lithological percentage breakdown of main fractions deposited 
between 54.8 and 53 Ma. 
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The spatial accumulation of the main fractions associated with Model A-2 presented in Figure 

6.31 are the result of sediment supplies located to the West and South of the research area. 

As anticipated, the initial depositional phase is dominated by coarsest gravelly fraction 

followed by sand, silt and finally clay with most significant thicknesses concentrated adjacent 

to the sediment supply.   

Despite the absence of a Northerly placed sediment source, the deposition of sands 

accumulates in the area of expectancy (similar to the anticipated distribution of the HWH 3 

Oldhaven Facies and partly HWH2 Blackwall Facies) with an additional stretch located closer to 

the Western supply.  The distribution of silts presents a very similar outline, leading to a 

hypothetical interpretation (including a western segment of sands) that together contributed 

to the formation of the Tilehurst Member (anticipated outside - to the west - of the study area) 

at the same time as Oldhaven sands.  This could add some insight into the long-lasting debate 

(King, 2016; Prestwich, 1850; Stamp, 1921; Jolley, 1996 and Aldiss, 2014) about the 

relationship between these two geographically separated members (according to King (2016), 

each comprising distinct fauna) and the timing of their deposition (previously their isochronous 

deposition was disregarded). 

Similarly, simulation of Model B-2 (Figure 6.32 and 6.34) exposed the possibility that the 

gravelly units within central London (HWH4 Battersea facies) may be the result of the Oldhaven 

deposition and its gravelly/pebbly base from the Northerly sediment supply. That could further 

justify the source of glauconite content found within HWH4 facies. Further research is required 

to validate the above findings. 

As detailed in Chapter 4, the aim of the Dionisos Flow model is to simulate the average 

geometry and facies of sedimentary units using sediment transport law (Granjeon & Joseph, 

1999). Commonly, forward stratigraphic models require pre-development of conceptual and 

deterministic geological models of the studied deposits, based on the geological interpretation 

of outcrops, wells, and seismic data (Seard et al., 2013). In the case of the Harwich Formation 

deposits it was critical to define the set of characteristics from observations of the available 

data to validate the simulation results i.e., different facies and their evolution in space and 

time. The Dionisos Flow post-processing analysis tool allows for the definition of facies, 

considering the different output properties of the simulation and the knowledge about the 

basin. Each facies can be defined based on properties such as bathymetric depth, distance to 



Chapter 6: Modelling Results 

248 
 

shore, thickness, river flow rate, slope angle, sediment proportions and many others. The facies 

‘unknown’ is defined automatically by the software and is always present to account for all 

outstanding/remaining cells that are not included in the facies. The facies defined within this 

project focussed on sediment proportions, lithological variation, and bathymetric depth. 

Figures 6.33 and 6.34 present development of sedimentary facies for both selected models A-

2 and B-2 (respectively) showing their spatial arrangement within the research area between 

54.8 and 53.2 Ma. With respect to the location of the sediment source each scenario presents 

predominantly deposition of estuarine gravelly facies (HWH1) within the south-eastern part of 

the modelled area, extended by HWH4 clayey gravelly facies forming a gravelly spit or barrier 

island (Figure 6.33 at 54.8 Ma), or channelled facies and margin between the estuary and the 

sea (Figure 6.34 at 54.8 and 54.6 Ma). The deposition of sandy facies (HWH2) confirms its 

development during the initial stages of the transgressive phase with both models presenting 

similar locations on the periphery of the HWH1 and HWH4 facies outline at 54.8 Ma. The 

accumulation of HWH3 is better presented (closer to anticipated) by model A-2, showing its 

extent within the north-eastern part continuing towards the centre of the area (Figure 6.33 at 

54.6), mostly infilling topographically-shaped accommodation space. In both models, the 

extent of the facies HWH5 (defined mostly as clay) was expected to cover the entire area as 

deepening of the sea progressed. The continued sediment supply and insufficient subsidence 

rates are understood to have led to the limited distribution of this facies, observed to be 

representative of a deep-water system, thus concentrating furthest away from the sediment 

sources.
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Figure 6.33. Dionisos Flow Model A-2 facies development modelled within the research area between 54.8 and 53.2 Ma. Sea level curve showing in the top 
right corner of each box. 



Chapter 6: Modelling Results 

250 
 

 

Figure 6.34. Dionisos Flow Model B-2 facies development modelled within the research area between 54.8 and 53.2 Ma. Sea level curve showing in the top 
right corner of each box.
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6.3 DISCUSSION 

The 3D modelling has been applied to visualise spatial occurrences of the Harwich Formation 

deposits in the London area and to observe links between different lithologies and their 

environments of deposition, as well as to identify possible mechanisms that influenced their 

geographical appearance within the research area.  The visualisation, evaluation and 

interpretation of spatial datasets in 3D models has significantly improved our geological 

understanding of London’s subsurface.  

Geological modelling in MOVE enabled mapping of the geographical extent of each of the 

facies, and analysis of their geometries in response to postulated (including Morgan et al., 

2020) and previously mapped faults (Ellison et al., 2004; Banks et al., 2015; Ghail et al., 2015). 

Detailed mapping of the base of the Harwich Formation helped to establish that morphological 

irregularities of the palaeosurface correspond to fault block compartmentalisation proposed 

by Morgan et al. (2020) (Figure 6.4), where movements of individual blocks (recorded as 

vertical displacement) have been inferred using InSAR (Mason et al., 2015 and Morgan et al., 

2020) (Edgar et al., 2021). Furthermore, the lateral distributions created as part of this model 

reveal a similar geographical output to the distributions previously suggested by King (1981 

and 2016), but also reveal important local variances and provide new supporting evidence for 

the possible effect of active faulting during sediment deposition – including fault-controlled 

sediment distribution (as seen in Beckton, Figure 6.16 and 6.25) and development of cemented 

grounds within close proximity to the existing faults (Figure 6.28 and 6.29). These previously 

overlooked structural mechanisms appear to have a significant local impact on sediment 

preservation, resulting in widespread inconsistencies within the Harwich Formation’s vertical 

distributions (Edgar et al., 2021). 

As well as addressing the objectives above, the modelling was set to assist in determining 

whether the Harwich Formation responds to structural features such as DFH and tectonic 

activity. From the cross-sections and 3D views presented in this chapter it is evident that the 

HWH gravelly layer represented by HWH4 facies shows fault-controlled deposition. The 

observations, however, did not confirm any swelling or bulging response of this layer towards 

the suspected DFH feature (as previously suggested by Toms et al., 2016). The overlying clayey 

layer HWH5 facies, however, shows a slight increase in the top surface elevation, but this could 

be explained by the increase in thickness towards a neighbouring fault (Figure 6.26). 
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When surfaces are compared with the BGS geological map (1:50 000) it becomes evident that 

one of the disadvantages of this model is that it does not account for erosion (Figure 6.35). It 

is therefore important to bear in mind that this model presents the forecast distributions that 

over time could in places have been eroded and may no longer be preserved in some areas. 

This 3D technique also highlights that these models create the most plausible outcomes when 

populated with a high density of data points and presented at site-scales. 

 

 

Figure 6.35. Comparison between modelled London Clay horizon (TSLCA2) and BGS mapped outline of 
the London Clay Formation (scale 1:50 000). 

 

The forward stratigraphic model (Dionisos Flow) allowed for visualisation of the environmental 

setting and assessment of conditions for deposition of the Harwich Formation facies. Following 

numerous trial simulations, involving adapting several sedimentary processes and modifying 

factors influencing their interplay, it was difficult to unravel the key components that led to the 

complex nature of the Harwich Formation deposits. Three factors are considered to have 

played a significant role: the location of the sediment source, the available sediment volume 

and the subsidence rate. The single source model was quickly discarded because it did not 

generate the anticipated spatial arrangement of sediments within the study area. Instead, a 

minimum of two sources is necessary for the development of this sequence, and these may 

have reached the peaks of their productivity independently. The prime source is located to the 

south of the research area and was responsible for the deposition of facies HWH1 and HWH2, 

during which subsidence rates were slow. The secondary sources, positioned to the north and 
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west of the basin, are considered to be the main suppliers for the HWH3 and HWH4 facies. At 

that time, tectonically induced subsidence rates increased, creating sediment accommodation 

space. As sea-level rose, the accumulation of glauconitic clays (HWH5) commenced.  

The ability to test multiple scenarios through forward stratigraphic modelling therefore 

appears to be valuable in identifying factors influencing preferential sediment accumulation 

zones and their response to sea-level changes. However, the number of simulations completed 

over the course of this project was limited by time constraints. It is hypothesised that multiple 

– though staggered –sediment supply, combined with increased subsidence rates, would help

to refine this model. 

The creation of any pragmatic model is complex and can encounter a wide variety of challenges 

in ensuring that it behaves as intended. The specific limitations of this model were identified 

as follows: 

• Too many variables – deposit thickness, erosion rates, sediment supply, rate of sea-

level rise, sediment grain size-proportion, sediment gravity-flow discharge as well as

changing boundary conditions such as tectonically driven subsidence or uplift and

climate – too wide range of variation can generate aspecific correlation between

variables.

• Relatively low and steady erosion rate – simulations helped to establish that higher

erosion rates produced more plausible sedimentation scenarios, however the values

used were not high enough to replicate the development of deeply incised channels at

the start of the Harwich Formation deposition. In addition, it would be expected for the

erosion rates to fluctuate throughout the tested period: from highest at the start of the

simulated time to lowest at the end of the run with intervals of increased erosion in

between.

• Too low subsidence rates – during the initial stage of the Harwich Formation deposition

(associated with LST and early phase of TST) increasing subsidence rate would aid the

development of anticipated fault bounded troughs/incised channel structures and their

subsequent infilling as the sea level rose.

• Not applied to a full basin, so the sediment source could be placed unnaturally close
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This chapter has identified many aspects characterising the distribution and nature of the 

Harwich Formation deposits, but also highlighted the challenges and limitations of 3D 

modelling. The modelled results compare favourably with field observations and literature 

records, complementing the universal picture. Overall, modelling leads to a greater 

understanding of the Harwich Formations facies distribution and mechanisms controlling it, 

that can support further planning decisions for the geotechnical, engineering and construction 

industries. The main conclusions to this work are detailed in Chapter 7.
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CHAPTER 7 

7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

RESEARCH

7.1 CONCLUSIONS 

This chapter summarises and integrates the key findings from the Thesis and identifies areas 

requiring further investigation. The research aimed to develop a 3D geological model of the 

Harwich Formation deposits with a focus on a spatial distribution of lithological facies and 

mechanisms controlling their geographical occurrences in London. The understanding of the 

facies spatial distribution can aid geotechnical engineers in applying the correct stratigraphical 

nomenclature (Edgar et al., 2021). 

The new facies-based model, which is proposed for interpreting and predicting the Harwich 

Formation in the London area, is based on the reinterpretation of existing borehole data, 

supplemented by particle size distributions. This has been used to establish how the 

palaeotopography evolved in the area during a marine transgression that flooded London from 

the east. The combination of all methods allows for the development of a preliminary 2D model 

of these sediments, presented in Chapter 5, followed by 3D geological and forward 

stratigraphic model (Chapter 6) that deliver a comprehensive picture of the Harwich Formation 

within the boundaries set out for this research.  

Harwich Formation deposits are characterised by a greenish hue from the presence of often 

irregularly distributed glauconite-rich pellets, partings, laminae and burrows. The laboratory 

results help establish that the glauconite present within the samples is predominantly of low 

to moderate maturity, with grains often fractured but mostly without evidence of compaction, 

and an overall concentration ranging between 5 – 15% by modal estimation on average. The 

occasional more mature grains (noted within facies HWH3) are considered to have been 

reworked. Reworked glauconite was also identified during visual examination of samples 

representing facies HWH4 (within irregularly distributed clay) and HWH2 (arranged in laminae 

within sandstones).  
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All the lithified samples used for analysis were calcite cemented with rare inclusions of pyrite 

cement in the form of nodules. In a number of samples, the glauconite and occasionally quartz, 

grains are fractured, with the cracks subsequently filled with a calcite cement.  

Significant alteration of the flint clasts (at CHAWF and VCTEF), displayed in the form of white 

patchy surface mottling with cavities, discolouration, and loss of strength of the interior, 

indicates involvement of an alkaline carbonate-saturated water dissolution with additional 

point contact solution and can be linked to mechanical forces resulting from fault activity.  

The sandstone layer observed in central London (recorded between Vauxhall, Westminster and 

Albert Embankment) probably forms a continuous layer, dipping at 3o in a NE direction and is 

representative of HWH2 Blackwall Facies (equivalent of the sandy unit of the Blackheath 

Formation of King, 2016). The offset of 5 m recorded between these locations is regarded as 

further confirmation of fault activity in this area. 

The spatial occurrence of gravelly clay and conglomeratic facies HWH4 within the central 

London area, initially considered to represent incised channel fills (King, 2009a), are associated 

with regional tectonic activity that controlled sediment deposition by restricting 

accommodation space within the area through the creation of fault bounded troughs. The 

observations carried out within Tideway shafts assist in the verification of the possible source 

of fines within HWH4 (clay and conglomerate matrix) resulting from the deposition of an 

overlying glauconitic clay layer (facies HWH5 – widely present within neighbouring areas) 

which later penetrated into the underlying permeable gravels and in this way created facies 

HWH4. This hypothesis is supported by disturbance of the clay fraction, fragmentation of 

shells, fracturing of grains and the occasional compaction of glauconite within HWH4 facies 

witnessed during SEM, Optical analysis and soil logging. Subsequent 3D modelling confirms the 

fault bounded accommodation space and the complexity of deposits commonly identified and 

logged as the Blackheath Member, locally revealing finer grained deposits. 

Geological modelling (MOVE) enables mapping of the geographical extent of each of the facies, 

and the analysis of their geometries in response to postulated (Morgan et al., 2020) and 

previously mapped faults (Ellison et al., 2004; Banks et al., 2015; Ghail et al., 2015). Detailed 

mapping of the base of the Harwich Formation help establish that morphological irregularities 

of the Palaeosurface correspond to fault block compartmentalisation proposed by Morgan et 
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al. (2020), in which movements of individual blocks identified as vertical movements by InSAR 

investigations (Mason et al., 2015 and Morgan et al., 2020) (Edgar et al., 2021). The lateral 

distributions inferred in this model reveal similar geographical distributions to those described 

by King (1981 and 2016), but demonstrate important local variability in support of the effect 

of fault activity during facies deposition (as seen in Beckton Chapter 6 Section 6.1.2) and the 

development of cemented grounds in close proximity to the existing faults. These previously 

overlooked structural mechanisms appear to have a significant local impact on sediment 

preservation, resulting in widespread inconsistencies within the Harwich Formation’s vertical 

distributions (Edgar et al., 2021). 

The models do not confirm a swelling or bulging response of the gravelly layers (HWH1, HWH4) 

towards a previously identified drift filled hollow feature (Toms et al., 2016). When observed 

at local-scale (HARWICH MODEL NINE ELMS) the overlying glauconitic clay layer HWH5 facies 

do display a slight increase in the top surface elevation but this could be explained by the 

increase in thickness towards a neighbouring fault. An increase in elevation can be observed 

at site scales, or in areas with a dense and even distribution of data points, but proper facies 

identification is critical to accurately verifying the responsive layer.  

The forward stratigraphic model (Dionisos Flow) allows for the development of 3D simulations 

of the environmental setting and the assessment of conditions for deposition of the Harwich 

Formation facies. Three key factors are identified: the location of the sediment source, the 

sediment volume, and the subsidence rate. A minimum of two sources were involved in the 

development of this sequence, and these may have reached their peak productivity at different 

depositional stages. The prime source is located to the south of the research area and was 

responsible for the deposition of facies HWH1 and HWH2, during which subsidence rates are 

considered to have been slow. The secondary sources, located to the north and west of the 

basin, are considered to be the main suppliers for the HWH3 and HWH4 facies. At that time, 

tectonically induced subsidence rates increased, imposing sediment accommodation space 

and the accumulation of glauconitic clays (HWH5) began as sea level rose.  

Following the development of both forward computer models, all credible outcomes were 

integrated into a single picture. The facies spatial relationship and their depositional 

environments, in the form of a simplified block diagram, are illustrated in Figure 7.1 (Edgar et 

al., 2021).  
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Figure 7.1. Generalised palaeodepositional model showing the spatial relationship between different 
facies of the Harwich Formation and the environmental conditions present at the time (the box is 30 
km EW, 10 km NS and 100 km deep with the map overlay showing London today) (Edgar et al. 2021). 
The model shows four stages of deposition influenced by the reactivation of basement faults: Stage 1 
(end of LST/start of TST) the base of the Harwich Formation contains fluvial elements with tidal 
influence (HWH1) - A; Stage 2 (early phase of TST) reactivation of faults (C), fault controlled deposition 
of transgressive sand/gravel sheets (HWH2) - B, in places disturbing Stage 1 sediment (eventually 
forming HWH4) - D; Stage 3 (TST) shallow marine system conditions – glauconitic sand deposition 
(HWH3) – E, followed by Stage 4 (late TST) glauconitic sandy clays (HWH5) – F – deeper marine 
conditions. Facies HWH5 is only shown partially but expected to cover almost entire research area. 

The model presents four depositional stages, transitioning from estuarine conditions in the 

south-eastern part, through shallow sea level in the north-eastern part and rapidly shifting 

westwards into deeper marine conditions possibly caused by tectonically induced subsidence. 

Stage 1 marks the end of the Lowstand System Tract (LST)/opening phase of the Transgressive 

System Tract (TST) with the basal Harwich Formation containing fluvial elements (estuarine) 

showing significant incisions developed through downcutting rivers, represented by facies 

HWH1. Stage 2 marks the early phase of the Transgressive System Tract (TST) when the fault 

activity resumed, resulting in the fault-controlled deposition of transgressive sand and gravel 

sheets (facies HWH2). At this stage, some parts of Stage 1 sediment may have been 
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redistributed and redeposited in the later HWH4 facies. Stage 3 (TST) is associated with the 

establishment of shallow marine system conditions, leading to the deposition of glauconitic 

sands (HWH3). This was followed by Stage 4 (late TST), when further sea level rise led to the 

deposition of glauconitic sandy clays (facies HWH5) within a deep marine environment, 

culminating in the deposition of the London Clay Formation (Edgar et al., 2021). 

The facies model will help reduce geotechnical uncertainty for construction within the Harwich 

Formation deposits, thereby saving time and reducing engineering costs. A similar facies-model 

analysis may be applicable to engineering assessments in similar geological environments 

elsewhere in the world (Edgar et al., 2021). 

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

This research highlights the significance of local variations in lithology and their impact on 

ground engineering. Further research is recommended in the following areas:  

From the applied perspective, cemented parts of the Harwich Formation remain of major 

concern, frequently affecting tunnelling and piling operations in London, hence understanding 

the conditions and timing for cementation is key to determining the distribution and extent of 

cemented grounds and how they affect the fluid flow. To do this effectively, the application of 

one of the recent methods in the field (developed by Mottram et al. (2018)) is proposed, 

involving direct dating of mineral deformation using U-Pb calcite geochronometer. 

Further investigation of the extensive semi-continuous layer of sandstone recorded between 

HEAPS and ALBEF Tideway shafts, would be insightful. The stratum dips gently in a NE direction 

towards a NW-SE orientated fault, and is bounded by a W-E trending fault in the south. The 

observations indicate that on the other side of the faults this sand layer transitions into 

unconsolidated saturated sand. It would be beneficial to investigate this area further with 

detailed mapping of the faults and restricted lithofacies. 

A significant gap in developing guidance are the particle size distribution envelopes for each of 

the facies. This would require further sample collection and laboratory testing of the mixed 

fine and coarse fractions, but noting that obtaining representative samples of gravelly clays 

and clayey gravels (including small cobble fraction) is especially challenging. The rarity of 

exposures means that only two locations could be sampled and the volume of the material 
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retrieved was often not sufficient to comply with BS1377: Part 2 (1990). Samples recovered 

from borehole cores were restricted by the core diameter, and hence often proved insufficient. 

The ability to test multiple scenarios through forward stratigraphic modelling is valuable in 

identifying factors influencing preferential sediment accumulation zones and their response to 

sea-level changes. However, the number of simulations completed over the course of this 

project was limited by time constraints. One hypothesises to test with further simulations is 

that multiple – though staggered –sediment supply, combined with increased subsidence 

rates, would help to refine the model results. Provenance studies are required to further 

confirm the locations of sediment sources, in order to measure their distance from the basin. 

The discussion following development of the sequence stratigraphical model raises further 

questions in relation to the occurrence of the HWH4 Battersea facies. The simulations involving 

northerly placed sediment supply evoke its development as isochronous with sandy facies 

representing the Oldhaven Member. Time constraints meant this could not be verified during 

this project but is recommended for future investigation.  

Further analysis of any new subsurface exposures and core material would greatly enhance the 

model developed in this project, especially in areas with poor data coverage in the north, west 

and north-west of the research area. In addition, the model would benefit from the 

incorporation of historical data available through BGS GeoIndex Onshore. However, these data 

would require additional pre-processing through re-interpretation of the Harwich Formation 

succession and incorporation of the newly defined facies detailed in this thesis. 

Additional analysis of white spots, surface discolouration and internal weathering of clasts 

would help establish environmental conditions and confirm the source of alkaline carbonate-

saturated water in the absence of near surface/aerial exposure.  

The development of the 3D model allows for observations of other geological layers directly 

below or above the Harwich Formation succession. Similarities were noted between 

geographical extents of the Battersea Facies (HWH4) and the Woolwich Formation – UPSCL, 

possibly marking the outline of a mutual environmental setting, warranting further exploration.
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